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1. ABSTRACT

Sensorimotor integration is a fundamental process that underlies our ability to interact with
and perceive the world around us. The integration of sensory information with motor actions
enables precise movement execution and plays a crucial role in shaping our perception.
Neurological conditions caused by parietal lesions can disrupt this intricate process, leading
to impairments in movement execution and control (Perenin & Vighetto, 1988). In the first study
of this thesis, we evaluated how visuomotor disruption caused by an occipitoparietal lesion in
a patient with optic ataxia symptoms impairs motor trajectories during visually guided reaching
movements. To this end, we compared the trajectories performed by the patient with those
performed by a healthy control group by using a novel decoding approach. We found that the
trajectories of the two groups were highly distinguishable already before the midpoint of the
movement, suggesting the potential of this decoding method to characterize pathological
motor behaviours.

Inthe second study of this thesis, we investigated sensorimotorintegration using another novel
approach: virtual reality. In fact, previous research indicates that the perception of space and
objects in virtual environments is usually inaccurate (Waller & Richardson, 2008; Stefanucci et
al., 2015; Kelly et al., 2018) but can be improved by interacting with the environment through
walking, though not by reaching (Kelly et al., 2013). To evaluate this, we used a size-judgment
task to assess how different interactions, such as simulated walking, reaching and grasping,
affect object perception in virtual reality. Contrary to our expectations, which were based on
real-world studies showing that grasping enhances size perception (Wykowska et al., 2009;
Gutteling et al., 2011), we found that mere observation was the most beneficial interaction for
performing the task.

The exploration of the effects of neurological impairments on movement trajectories and the
influence of various actions on perception in virtual reality offers significant implications for

clinical rehabilitation and our understanding of sensorimotor processing.



2. GENERAL INTRODUCTION

2.1 Sensory information and motor responses

The synchronization of sensory information and motor responses allows for precise and
adaptive behaviours that define our interaction with the world. This synchronized process
starts with perceiving the environment around us, with our visual system gathering information
about the characteristics of the elements that surround us.

When we decide to perform an action in the environment, such as picking up an object, our
brain then predicts the necessary trajectory of movement required to reach out and grasp the
object. This involves planning the movement of the arm, hand, and fingers to successfully lift
the object. Throughout the action, our visual and proprioceptive systems provide continuous
feedback, allowing us to correct our movement if needed.

Various regions of the brain work in concertto coordinate visual sensory information and motor
responses, each contributing distinct functions to ensure smooth and accurate performance
during visually guided actions.

Historically, Ungerleider and Mishkin (1982) posited the existence of two distinct cortical
pathways specialized for visual processing originating from the primary visual cortex: one
dorsal pathway projecting to the parietal cortex, and another ventral projecting to the temporal
lobe. In their view, the dorsal stream was responsible for encoding “where” an object is, while
the ventral stream was involved in the process of “what” the object is.

Later, Milner and Goodale (1992) highlighted how both pathways process information about
object characteristic and their spatial locations, and how the difference between the two
streams lies in the way they use visual information coming from the primary visual cortex. In
fact, the authors proposed that ventral stream uses visual inputs to form long-term perceptual
representations, while the dorsal one uses the same information but to mediate the visual
control of skilled actions, such as reaching and grasping, in real-time.

In support of this, brain lesions located along the dorsal stream can cause impairments in the
performance of visually guided actions, independent of misperception of the visual space, and
vice versa. As matter of fact, the model developed by Milner and Goodale was inspired by a
series of partial or complete double dissociations observed between patients with ventral-
stream damage and patients who had damage to the dorsal stream (see Figure 1 and 2).
Specifically, patients with lesions in the ventral visual areas experience agnosia, a disorder that

causes difficulty in recognizing objects, whereas patients with lesion in the dorsal visual areas
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experience optic ataxia, which induces difficulty in correctly reaching and grasping objects

(Milner and Goodale, 2008).
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Figure 1. Double dissociation of pointing ability following damage to the ventral and dorsal
streams. The image illustrates pointing performance to a peripheral visual target in a patient
with visual form agnosia (D.F.), as contrasted with the performance of a patient with optic
ataxia (patient A.T.). Data are presented in both an immediate pointing condition (light grey
bars) and a delayed testing condition, in which the patient had to wait several seconds before
responding (dark grey bars). The two graphs are taken from two separate experiments, each of
which included three age-matched healthy controls (who were therefore rather younger in the
D.F. experiment). The y-axis shows the resultant absolute errors in millimetres in both studies.
The data are re-plotted from Milner, Dijkerman, and Carey (1999) and Milner, Paulignan, et al.
(1999), respectively, with permission (from Milner and Goodale, 2008).
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Figure 2. Double dissociation of grasping ability following damage to the ventral and
dorsal streams. The image illustrates grip calibration performance in a patientwith visual form
agnosia (D.F.) as contrasted with the performance of a patient with optic ataxia (patient R.V.).
For both experiments, the stimuli were presented centrally, and the patient was asked either
toreach out and pick up the object using a finger-thumb precision grip (left panelin each case),
or to mime its width using finger and thumb (right panel in each case). The y-axis shows the
maximum separation of markers attached to the tips of forefinger and thumb during reaching
to grasp, or at asymptote when the patient had arrived at her judgement, respectively. Data are
plotted in each graph forrectangular blocks of 2.5 and 5.0 cm width, respectively. Open shapes
show data points fromindividualtrials, and closed shapes the mean of these individual scores.
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The data for D.F. are re-plotted from Goodale et al. (1991), with permission (from Milner and
Goodale, 2008).

2.2 Clinical evidence: Optic Ataxia

The typical example of damage to the dorsal stream of visual inputs is optic ataxia (see lesion
sites in Figure 3) , a visuomotor disorder caused by unilateral or bilateral lesions located in the
posterior parietal cortex (Perenin & Vighetto, 1988; Karnath & Perenin, 2005). The disorder
compromises the ability to reach targets in peripheral vision and to make online movement
corrections based on visual feedback (Pisella et al., 2000).

Specifically, patients with unilateral lesions present two main effects caused by the dorsal
damage. A hand effect, characterized by reaching errors with their contralesional hand in both
visual fields, as well as a field effect when these errors occur towards an object presented in
the contralesional hemifield (Perenin & Vighetto, 1988; Prado et al., 2005).

Moreover, patients suffering from these deficits can also experience problems in orienting and
shaping the hand during grasping (Jakobson et al., 1991; Jeannerod et al., 1994; Milner et al.,
2001; Perenin & Vighetto, 1988), and can exhibit a deficit in proprioceptively guided reaching,
such as when the contralesional hand is reaching to the other hand in the dark (Blangero et al.,
2007; Jackson et al., 2009; Pisella et al., 2000).

Nevertheless, the disorder does not occur when reaching for auditory or tactile stimuli
(Rossetti et al., 2003), suggesting that optic ataxia results from a specific impairment in linking
vision with action. In fact, the Greek term “ataxia” was chosen to highlight a lack of
coordination between visual inputs and motor outputs (Balint, 1909). Therefore, one of the
primary frameworks proposed to explain optic ataxia is the disruption of visuomotor
processing, which suggests a deficit in sensorimotor integration (Rondot et al., 1977; Perenin
& Vighetto, 1988).

The linkage between vision and action is crucial for movements that need precise eye-hand
coordination. This process involves converting the location of visual stimuli coded in eye
coordinates, into the appropriate motor actions represented in motor coordinates. As a result,
it has also been suggested that optic ataxia involves, at least in part, a difficulty in making
transformations between different coordinate frames (Dijkerman et al., 2006; Blangero et al.,
2010).

Furthermore, the difficulty of reaching targets located in the visual periphery has also been

observed to manifest along with a strong bias of the movement towards the gaze’s direction
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(Jackson et al., 2005). This symptom, called “magnetic misreaching” (Carey et al., 1997;
Buxbaum and Coslett, 1997), has been suggested to result from a breakdown in the ability to
decouple eye and hand movements for spatially independent actions.

The analysis of the dynamics of limb and eye movements in patients with posterior parietal
lesions has led to an alternative hypothesis to further explain optic ataxia. As previously
mentioned, patients affected by this deficit also show an inability to make real-time
adjustments based on visual feedback. To test the capacity of patients with this disorder to
make rapid movement corrections, a target jump paradigm has been used (Pisella et al., 2000;
Rossetti et al., 2005; Gaveau et al., 2008). It has been observed that patients with optic ataxia
are unable to adjust their reaching movement in response to a change in the target’s location.
Therefore, the alternative framework explains the disorder as a product of a disruption in the

online visuomotor control.
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Figure 3. Lesion sites in optic ataxia and action-specific regions for reaching, pointing, eye
movements, and grasping are mapped in the human posterior parietal cortex (PPC). The
yellow lines indicate the central (CS) and intraparietal (IPS) sulci. L stands for left, R forright, D
for dorsal, and V for ventral. The Talairach coordinates of these sites, reported by Culham et al.
(2006), have been translated to the Montreal Neurological Institute template and visualized
using BrainNet Viewer (Xia et al., 2013). Due to brain convolutions, not all sites are visible in the
lateral view. The numbers in the superior view correspond to the original studies that identified
these sites: (1) Connolly et al., 2003, (2) Astafiev et al., 2003, (3) Prado et al., 2005, (4) Grefkes
et al., 2004, (5) Petit and Haxby, 1999, (6) Sereno et al., 2001, (7) Medendorp et al., 2003, (8)
Binkofski et al., 1998, (9) Culham et al., 2003, (10) Frey et al., 2005, and (11) Karnath and
Perenin, 2005. (from Andersen et al., 2014)

Finally, monkey studies have demonstrated a link between the posterior parietal cortex, and
the deficits observed in optic ataxia through direct causal evidence (Hwang, Hauschild, Wilke,
& Andersen, 2012). Battaglini et al. (2002) has demonstrated that V6A lesions in monkeys
produce misreaching and misgrasping with the arm contralateral to the lesion in visually
guided movements (see Figure 4). In fact, V6A is a bimodal visual/somatosensory area that
processes visual information such as shape, motion, and spatial details essential for guiding
both reaching and grasping movements.

Therefore, it has been suggested that selective lesions of area V6A in monkeys produce deficits

similar to those observed in humans with optic ataxia, indicating that lesions in the "human"



area V6A, i.e. the superior parieto-occipital cortex, are responsible for these deficits (Cavina-

Pratesi et al., 2010).

misgrasping after lesion

0.3 . 14

Figure 4. Misreaching and misgrasping after lesion of monkey area V6A. A) Frames from a
digital TV camera illustrating the behaviour of a normal animal in reaching and grasping food.
Time below frames is in seconds. B) Reconstruction of location and extent of the brain damage
in case V6M2 of Battaglini et al. (2002). The lesionis indicated on the silhouette of monkey brain
reported by Brodmann (1909), adapted in size to match the brain of the monkey reported by
Battaglini et al. (2002). The lesion was bilateral, but here is reported (in black) only the lesion in
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the left hemisphere; that in the right hemisphere was very similar in location and extent (see
Battaglini et al. 2002). Dorsal area 19 is shown in grey; its location and extent, as well as
locations of areas 18 and 7, are according to Brodmann (1909). C) Misreaching after bilateral
V6A lesion. Food (raisins) was distributed on a semicircular plate placed horizontally in front of
the animal, as shown in the frames at the top of the figure. The plate is seen here from above,
and the position of the monkey is indicated by the triangle. Open circles indicate food
locations. Crosses indicate the locations where the hand landed in the first attempt to reach
the food. D-F) Frames from a video camera illustrating the excessive widening of grip aperture,
the delayed grip of the object (see times below frames), and the anomalous rotation of the wrist
that led the fingers to close laterally rather than downward. Time below frames is in seconds
(from Galletti et al., 2003).

2.3 Reaching and grasping actions

The ability to perform actions is a crucial human skill learned throughout life. This distinctive
interaction with the environment encompasses the exposure and learning of specific set of
routines to master the appropriate gestures for effective object use. The two main functional
components to perform object-related actions are reaching and grasping (Vingerhoets, 2014).
Reaching can be described as the transportation component performed by the upper limb as
it moves the hand toward an external object location. Therefore, this movement component
requires an integration of the hand and object positions into a single reference frame,
combining proprioceptive and visual information.

Instead, grasping is considered the grip component of object-related actions and involves
extracting specific characteristics from objects, such as size, shape, orientation, texture and
estimated weight. This allows for proper hand preshaping, regulation of movement speed, and
finally, closing the fingers around the object with the appropriate grip force.

Although a case of dissociated compromission of the reaching and grasping components after
a unilateral left lesion of the posterior parietal cortex has been reported (Cavina-Pratesi et al,
2010; 2013), grasping impairments have been associated with optic ataxia since the earliest
reports of misreaching following parietal damage in both monkeys and humans (La Motte and
Acuna, 1978; Damasio and Benton, 1979; Faugier-Grimaud et al., 1985; Ferrier, 1886, 1890;
Jeannerod, 1986b; Perenin and Vighetto, 1988). This is also demonstrated by the kinematics of
areach-and-grasp movement, which shows adaptation of the grip aperture during the reaching
phase of the gesture (Jeannerod et al., 1995; Castiello, 2005).

Finally, it seems that several areas are activated during both reaching and grasping, although

a preference for responsiveness to either action can often be observed (Vingerhoets, 2014).
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2.4 The interplay of reaching and grasping actions with perception in the
real world

In everyday life, the transport and grip components of object-related movements merge into a
seamless action, forming a continuum. However, different actions can induce different effects
on our perception of the object we interact with.

As aforementioned, the reaching phase, which involves moving the arm to direct the hand
towards an object, is primarily guided by visual cues indicating the precise object’s location. In
contrast, the simultaneous preparation of the hand and fingers for grasping the object, i.e. the
grip component, is mainly influenced by the geometric characteristics of the object, such as
its shape and size.

Therefore, the preparation and execution of reaching and grasping are greatly influenced by the
perception of the object's location and its physical characteristics, respectively, during
interaction. In fact, visual information significantly contributes to the planning phase of
movements, providing the relevant information that facilitates the success of an action.
Forexample, when preparing a reaching action towards an object, the eyes perform a saccade,
a rapid ballistic eye movement to direct the fovea to an area of interest, and then fixate it
constantly until it is reached by the hand (Johansson et al., 2001). Moreover, it has been
observed how the pattern of fixations varies depending on the nature of the task to perform with
an object (Brouwer et al., 2009). During a viewing task, fixations fall on the object's center of
gravity, whereas during a grasping task, fixations first focus on the point of contact for the index
finger and then move the object’s center of mass.

Interestingly, action and perception mutually influence each other, so that the spatial
perception of an object is also influenced by the action we want to perform. In the context of
eye movements, it has been found that the perception of the area of interest of an object is
enhanced shortly before execution (Hoffman & Subramaniam, 1995; Deubel & Schneider,
1996; Neggers et al., 2007; Bosco et al., 2023).

Other studies have tested whether action planning affects perceptual processing, by testing
the combination of different types of actions with specific object features. These studies have
demonstrated that the type of action being planned biases visual search toward important
action-related features, facilitating their perception (Fagioli et al., 2007; Wykowska, Schubo, &
Hommel, 2009; Wykowska, Hommel, & Schubo, 2011).
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Specifically, it was found that the preparation of a grasping movement towards 2-dimensional
targets on a frontal screen facilitated the detection of a size-related parameters, while the
preparation of a pointing movement facilitated the detection of a location-related parameters.
In fact, size-related parameters are fundamental for preparing the grip aperture in a grasping
movement (Wykowska et al., 2009), and location-related parameters, such as luminance, are

crucial for preparing a pointing movement (Anderson & Yamagishi, 2000; Graves, 1996).
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Figure 5. Significant interaction between task-relevant dimension and movement type.
The image illustrates faster mean reaction times to luminance as task-relevant dimension and
size as task-relevant dimension while participants prepared a pointing movement (filled bars)
or a grasping movement (empty bars) respectively (from Wykowska et al., 2009).

Likewise, Gutteling et al. (2011) found that preparing for a grasping action increases the
detection of object orientation changes, relative to the preparation of a pointing action for
which orientation is an irrelevant parameter. These studies suggest that the perception of
object’s features, such as size, is facilitated when the planned action requires the elaboration
of those properties.

A significant number of studies on the action modulation effect focused on the preparation
phase of the movement (Deubel & Schneider, 1996; Gutteling et al., 2011; Hoffman &
Subramaniam, 1995; Neggers et al., 2007), while other studies found that also after the
execution of a grasping movement the perception of two-dimensional object size was
modulated, revealing a tendency for the perceived sizes of objects to be scaled by the type of
action (Bosco et al., 2017; Sans Diez et al., 2022). In particular, it has been found that grasping
influences the perception of size more than reaching, supporting the idea that different body-

based movements affect the perception of different object characteristics.
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Finally, the impact of action planning and execution on perception can extend to the leg
effector domain. As a matter of fact, it has been observed how the effort required to walk a
certain distance influence the perception of the distance itself (Witt et al., 2004; Proffitt, 2006),
and how the walking action can improve the perception of distance in virtual environments,

where a compression of space is usually perceived (Waller & Richardson, 2008).
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Figure 6. Summary of object/space perception modulation by action planning and action
execution evoked by movement of different effectors. (from Bosco et al., 2023)

2.5 The interplay of reaching and grasping actions with perception in
virtual reality

The connection between physical actions and perceptual adjustments provides valuable
insights into how our bodies interact with and interpret not only the physical world but also the
virtual one.

Virtual reality is a multisensory experience that allows users to interact with objects or events
in computer-generated three-dimensional environments (Shultheis, 2002).

However, perception in these environments has been found to differ from physical reality,
particularly in terms of spatial perception. Both size and distance are perceived less accurately
in virtual reality with systematic underestimations of size and distance typically observed
(Waller & Richardson, 2008; Stefanucci et al., 2015; Kelly et al., 2018). The cause of these
distortions is unclear and cannot be entirely attributed to factors such as a reduced field of
view, quality of the graphics, or the physical weight of the head-mounted display (Repka et al.,

2022).
13



One common approach to improve distance perception in virtual reality allows participants to
interact with the virtual environment while receiving visual feedback of their movements (Kelly,
Donaldson, Sjolund & Freiberg, 2013; Kelly, Hammel, Siegel, & Sjolund, 2014; Mohler, Creem-
Regehr & Thompson, 2006; Richardson & Waller, 2005, 2007; Waller & Richardson, 2008). A
study of Waller & Richardson (2008) showed that distance judgments in a virtual environment
were unaffected by interactions in which participants viewed only a simulation of visual
walking. Thereby, physical walking was found to be necessary to elicit an increase in post-
interaction distance judgments and simulated visual walking without concomitant physical
walking was found to be insufficient.

Moreover, because of the size-distance variance hypothesis (Sedgwick, 1986), which
postulates that perceived size and perceived distance are tightly coupled, Kelly et al. (2013)
used size-based distance judgments to evaluate the effect of different actions on the
perception of the distance of an object in a virtual environment. They found that distance
judgments increased after a walking action, while they did not improve after participants
interacted with the virtual environment by performing a reaching movement (see Figure 7 and
8). This suggests that not all body-based interactions are sufficient to cause an improvement

in distance judgments in virtual reality.
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Figure 7. Mean ratios of judged distance to actual distance in a virtual environment.
Participants made walking distance judgments and size judgments (which were later
converted to size-based distance judgments) before and after interacting in the environment
by walking. The asterisks indicate significant differences between the conditions at p < .05
(from Kelly et al., 2013).
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Figure 8. Mean ratios of judged distance to actual distance in a virtual environment.
Participants made walking distance judgments and size judgments (which were later
converted to size-based distance judgments) before and after interacting with a virtual
environment by reaching. No significant differences were found (from Kelly et al., 2013).

Virtual spaces are increasingly being used as a delivery system for rehabilitating upper and
lower limb impairments and activities of daily living post-stroke (Adamovich et al., 2009).
However, given that the viewing environment's quality can affect how movement is executed
(Ustinova et al., 2010), it is crucial to ascertain whether movements performed in a virtual
environment resemble those executed in an equivalent physical setting (Subramanian et al,

2011) and this includes exploring the reciprocal impact between movements and perception.
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3. AIM OF THE THESIS

The aim of the present thesis is to investigate the intricate processes of sensorimotor
integration and its impact on movement execution and perception. Specifically, the research
focuses on two main objectives. The first objective is to evaluate the impact of visuomotor
disruption caused by occipitoparietal lesions on motor trajectories. In fact, a kinematic
characterization of the entire reaching action in depth and direction in patients with a posterior
parietal cortex damage and optic ataxia syndrome is still lacking. To this end, the first study
presented compares the reaching movements of a patient with optic ataxia symptoms to those
of a healthy group, employing a novel decoding method to identify and characterize
pathological motor behaviours. This first part of the thesis highlights the possibility to
discriminate the performance of a patient by observing kinematic components of arm
movement well in advance with respect to the conclusion of the action. In the long term, this
result could provide a methodology for exploring to which extent the available kinematic
information could reliably predict an impaired versus a healthy reaching behaviour.

The second objective of the thesis is to explore the effects of different interactions on object
perception in virtual reality. Perception in virtual environments is usually less accurate than in
physical environments and no studies were performed to systematically evaluate the influence
of multiple actions on the possible facilitation of object perception in the virtual space. To
bridge this gap in the literature, the second study presented here compares the effect of
different interaction conditions on the perception of objects in the virtual space.

Finally, by integrating findings from these studies on neurological impairments and healthy
populations using advanced experimental paradigms, this thesis aims to contribute to our

understanding of sensorimotor integration in real and virtual environments.
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4. FIRST STUDY

“Machine learning methods detect arm movement impairments in a patient with
parieto-occipital lesion using only early kinematic information”

4.1 INTRODUCTION

In our daily life, successful reaching movements in the peripersonal space rely on our ability to
correctly plan and execute arm trajectories to targets located in the three-dimensional (3D)
space. This capacity depends on the coordinated activity of different areas, some of them
located in the posterior parietal cortex (PPC). Indeed, unilateral (Karnath & Perenin, 2005;
Perenin & Vighetto, 1988) or bilateral (Karnath & Perenin, 2005; Khan et al., 2005; Pisella et al.,
2000, 2004) PPC lesions often cause optic ataxia (OA), typically described as a high-order
motor disorder with impaired visually guided reaching (Perenin & Vighetto, 1988). The sites of
the lesion in patients with OA typically involve the parietal occipital junction, the superior
parietal lobule (SPL), and areas around the posterior end of the intraparietal sulcus (Karnath &
Perenin, 2005; Martin, Karnath, & Himmelbach, 2015). These parietal regions have been shown
to contain reach-selective neurons in the monkey (Battaglia-Mayer et al., 2001; Bosco,
Breveglieri, Chinellato, Galletti, & Fattori, 2010; Bosco, Breveglieri, Hadjidimitrakis, Galletti, &
Fattori, 2016; Bosco, Breveglieri, Reser, Galletti, & Fattori, 2015; Fattori, Gamberini, Kutz, &
Galletti, 2001; Fattori, Kutz, Breveglieri, Marzocchi, & Galletti, 2005; Ferraina et al., 1997;
Grafton, 2010; Hwang, Hauschild, Wilke, & Andersen, 2014; McGuire & Sabes, 2011; Snyder,
Batista, & Andersen, 1997) and in the human (Aflalo et al., 2015; Zhang et al., 2017) brain.

OA is characterized by misreaching toward peripheral (Rossetti, Pisella, & Vighetto, 2003) and
central (Buiatti, Skrap, & Shallice, 2013; Buxbaum & Coslett, 1997; Ferrari-Toniolo et al., 2014;
Goodale et al., 1994; Jeannerod, Decety, & Michel, 1994; Perenin & Vighetto, 1988) visual
targets. This deficit does not appear with reaches to auditory or tactile stimuli (Rossetti et al.,
2003), thus suggesting that OA is caused from a specific deficit in coupling vision with action.
Most OA studies focused on examining reaching end points and on the trajectory of the
transport phase of arm movement. In particular, the literature reported a systematic deviation
of both end points and movement trajectories for reaching to peripheral targets (Blangero et

al., 2010; Dijkerman et al., 2006; Jackson, Newport, Mort, & Husain, 2005; Khan et al., 2007;
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Milner, Dijkerman, Mcintosh, Rossetti, & Pisella, 2003). In addition, patients with OA show a
lack of the ability to change the movement trajectory to avoid possible collision with no-target
stimuli (Schindler et al., 2004) as well as a lack of the correction of reaching movements in
relation to rapid changes of target location (Blangero et al., 2008; Pisella et al., 2000). Monkey
studies have demonstrated the link between PPC to the deficits observed in OA by direct
causal evidence (Hwang, Hauschild, Wilke, & Andersen, 2012). Furthermore, in monkeys, the
existence of a combined encoding of depth and direction signals was found in some PPC
sectors during reaching movement (Bosco et al., 2016; Hadjidimitrakis, Bertozzi, Breveglieri,
Bosco, et al., 2014; Hadjidimitrakis, Dal Bo’, Breveglieri, Galletti, & Fattori, 2015), whereas
other sectors showed segregated processing of these signals (De Vitis et al., 2019; Lacquaniti,
Guigon, Bianchi, Ferraina, & Caminiti, 1995). In patients with OA, few studies have investigated
encoding of depth and direction in reaching movements (Brain, 1941; Cavina-Pratesi,
letswaart, Humphreys, Lestou, & Milner, 2010; Danckert, Goldberg, & Broderick, 2009; Holmes
& Horrax, 1919). In the work by Danckert et al. (2009) in particular, the authors found that the
movements executed by patients with OA along the sagittal axis were more impaired than the
movements executed along the horizontal axis, thus corroborating the evidence that reach
depth and direction might have a distinct neural control.

However, a kinematic characterization of the entire reaching actionin 3D space in patients with
PPC damage and OA syndrome is still lacking. Here, we reconstructed the movement
trajectory and measured the end point errors in one patient with occipitoparietal lesion that
reached toward targets located at different depths and directions in 3D space, and we
compared them with those measured in healthy participants. Using a novel decoding approach
for these studies, we assessed how well kinematic predictors were able to discriminate
whether the movement was performed by the patient or by healthy participants and at which
stage during movement unfolding. In the long term, our results could provide a methodology
for exploring to which extent the available kinematic information could reliably predict an

impaired versus a healthy reaching behavior.

4.2 METHODS

The study was approved by the Ethical Committee of the University of Bologna and carried out
in accordance with the recommendations of the Bioethical Committee of the University of
Bologna and with the Declaration of Helsinki. All participants gave written informed consent to

participate and were naive to the purpose of the experiment.
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4.2.1 Participants

Ten right-handed, healthy control participants took part in this study (mean age, 21.5+2.0; 9
females and 1 male). They all had normal, or corrected to normal, vision. All participants had
no history of musculoskeletal or neurological disorders.

In addition to control participants, patient S.T. was also tested. S.T. is a 19-year-old, right-
handed man. At the time of testing session, he was a student with 12 years of education. Six
years before testing session, at the age of 13, he suffered from a cardiocirculatory arrest, with
a resulting vegetative state owing to severe cerebral anoxia. The most recent magnetic
resonance image (MRI; 3 years before testing session) documented the presence of altered
signal, plausibly owing to ischemic damage in the occipitoparietal cortex in both hemispheres.
The lesion was traced manually on the most recent MRI obtained using T1-weighted template
MRI scan from the Montreal Neurological Institute provided with the MRIcro software (Rorden
& Brett, 2000). Localization of the damaged brain regions was obtained by superimposing the
traced lesion reconstruction on the automated anatomical labelling template. Damage in the
left hemisphere was located in the superior and inferior parietal lobule, in the angular gyrus
and the precuneus, whereas damage in the right hemisphere mainly involved the precuneus

(Figure 9).
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Figure 9. Patient S.T. lesion reconstruction. The image shows patient S.T. lesion projected
onto axial slices of the standard MNI brain. In each slice the left hemisphere is on the left side.
The levels of the axial slices are marked by white lines on the sagittal view of the brain (right).
(B-D) Computerized automated visual perimetry of S.T. Greyscale images for the left (B) and
the right (C) eye and for the binocular visual field (D). Axial hash marks denote 10 visual degree
increments. Color map reports decibel values corresponding with each point in the gray scale.
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4.2.2 Apparatus and stimuli

Participants satin a dimly illuminated room in front of a 19-inch touchscreen (ELO IntelliTouch
1939L) laid horizontally on a desk located at waist level. The head of participants was
supported on a chin rest to minimize movements. Participants sat with the dominantright hand
on a board placed adjacent to the screen within a square marked with a tape and detectable

by touch (size 12 x 12 cm) placed in front of the participant's chest, as sketched in Figures 10A
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Figure 10. Experimental setup. (A) Lateral view of the target arrangement with respect to the
participant's body. (B) Top view of the target arrangement in the peripersonal space. The
participants performed reaching movements with their right hand toward one of the nine dots
projected on the screen at different depths (near, intermediate, and far) and in different
directions (left and right positions). Reaching movements were performed in a dimly lighted
room, starting from the initial hand position located next to the body and marked by a squared
surface (white square). (C) Time sequence of the visually guided reaching in the peripheral
reaching configuration. The small white dot represents the fixation target; the filled black dot
represents the reaching target. The fixation target stayed on for 1.5 s and then the reaching
target was turned on in one of the nine locations. As soon as the reaching target appeared on
the screen, a sound indicated to the participant to reach with his or her right hand the position
of the target while maintaining fixation on the fixation target. The fixation target lasted until the
participant completed the movement. (D) Top view of the two task configurations. (Top)
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Peripheral reaching: reaching movements were performed toward one of the nine targets
(hands). The spatial position of the target changed trial to trial, but gaze was kept constant at
the central position (eye). (Bottom) Foveal reaching: reaching movements were performed
toward one of the nine targets. During the task, the participant had to fixate and reach the same
target (eye and hand on the panel). (E) Representation of real and straight trajectories in a
control participant. (Left) Distribution of the real (shaded traces) and straight (dotted lines)
two-dimensional trajectories toward left and right targets (direction dimension). (Right)
Distribution of the real (shaded traces) and straight (dotted line) two-dimensional trajectories
toward the near, intermediate, and far targets (depth dimension).

Green (diameter 0.3 cm) and red (diameter 1.2 cm) dots were presented at different depths and
directions with respect to participant's midline. The screen on which stimuli were presented
had avisible display size of 37.5 x 30 cm and 15,500 touch points/cm2 with a resolution of 1152
x 864 pixels and a frame rate of 60 Hz.

Reaching movements were recorded using a motion tracking system (VICON motion capture
system) by sampling the position of two markers at a frequency of 100 Hz; markers were
attached to the wrist (on the scaphoid bone) and on the nail of the index finger (reaching finger).
The marker on the wrist was used to detect the onset and offset of reaching movements. The
marker on the tip of the index finger was used for kinematic analysis, because it was the hand

portion that made contact with the target (Carey, Hargreaves, & Goodale, 1996).

4.2.3 Behavioural paradigm

Participants performed reaching movements toward the touchscreen using theirright hand. As
depicted in Figure 10B, there were nine possible locations in which targets could appear: three
placed at near distance (18.5 cm from the initial hand position), three atintermediate distance
(830 cm from the initial hand position), and three at far distance (41.5 cm from the initial hand
position) (as in Bosco, Piserchia, & Fattori, 2017). The targets were arranged in a square of 23
x 23 cm, and were located 11.5 cm one from each other, either on the left or the right side, the
central targets were placed along the sagittal midline. All targets were located within a
comfortable reaching distance. Although patient S.T. reported visual field defects to the lower
parts of the peripheral visual field, he could effortlessly detect all the targets presented in our
task. Indeed, stimuli were located in the central part of the visual field, in which S.T. reported
no detection impairment. However, he was instructed not to perform any arm movement
unless he had a good view of the target.

We tested participants in a visually guided reaching task as shown in Figure 10C. The sequence

of visually guided reaching consisted in the presentation of a fixation target (green dot) that
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stayed on for 1.5 s. Then, the appearance of reaching target (red dot) and an acoustic signal
indicated to participants that they could reach the position of the target maintaining the fixation
on the green fixation dot. Both fixation and reaching targets remained illuminated until
participants completed the arm movement. Participants were asked to move at a fast but
comfortable speed and to be as accurate as possible. We tested two different viewing
conditions (see Figure 10D): the peripheral reaching, where the gaze was fixed on the central
and intermediate target position and the hand reached toward one of the remaining positions,
and the foveal reaching, in which fixation and reaching targets were coincident. Note that the
spatial location of the targets to be reached was identical in the two tasks. During the arm
movement, fixation was controlled online by the experimenter. We are aware that this was not
a reliable method for controlling eye movements and represents a limit of the study, but it
allowed us to qualitative detect on average 1.2% for each participant and 1.8% for patient S.T.
trials where participants did not maintain fixation. Based on this online inspection, all trials
without correct fixation were discarded from the analyses.

The task was composed of five blocks with 17 trials each. Within each block, trials of the two
viewing conditions were randomized. We used MATLAB (MathWorks, Natick, MA) with the

Psychophysics toolbox extension (Brainard, 1997) for stimuli presentation and data analysis.

4.2.4 Data analysis

For data processing and analysis, the velocity profiles of all markers were computed with
custom software written in MATLAB. The onset of movement was defined as the time point
when wrist velocity was higher than 5 mm/s; the following offset was detected when wrist
velocity dropped decreased to less than 5 mm/s. In addition, the experimenter carefully
checked forthe movement onset that after the threshold of 5 mm/s the wrist velocity increased
without interruptions until the peak of velocity. For the movement offset, the first point of wrist
velocity remaining below the threshold of 5 mm/s was considered to exclude any adjustment
of reaching on the screen.

To study the trajectories of reaching movements and to quantify how participants’ motor
responses were stereotyped, we calculated the horizontal, sagittal and vertical deviations of
each single trajectory with respect to a straight (virtual) trajectory. In reaching movements,
deviations from a straight-line path are likely influenced by a combination of biomechanics,
due to joint rotations and muscular coordination, and cognitive representations of space. The

straight trajectory used was defined as the line connecting the starting position of the hand to
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the reaching-target position. This approach has been used by Kasuga, Telgen, Ushiba, Nozaki,
and Diedrichsen (2015). Along the horizontal axis we calculated the horizontal trajectory
deviation as the difference between the X component of the real trajectory and the X
component of the straight trajectory (Figure 10E, left), whereas along the sagittal axis, we
calculated the sagittal trajectory deviation considering the difference between the Y
component of the real trajectory and the Y component of the straight trajectory (Figure 10E,
right). For vertical deviation, we took into account the Zcomponent of the real trajectory, as the
straight trajectory had no elevation component. To minimize the interindividual variability
observed in movement time and to normalize across participants, horizontal, sagittal, and
vertical deviations were separately calculated on 10 time intervals across the entire duration
of movement in each participant. The 10 time intervals were calculated for each trial and then
averaged across each participant. Then, we plotted the x, y, and z trajectory deviations as a
function of the percentage of movement time, resulting in curved lines with negative and
positive inflections. Negative values of trajectory deviations correspond with real trajectory on
the left, behind, or down with respect to the straight one considering the x, y, or zcomponents,
respectively. Positive values of trajectory deviations correspond with real trajectory on the
right, in front or up with respect to the straight one according to the x, y, and z trajectory
components, respectively. We calculated the time when minimum deviation toward negative
values occurred and compared them by a modified version of the independent sample two-
tailed t test (Crawford & Garthwaite, 2002; Crawford & Howell, 1998; Danckert, Goldberg, &
Broderick, 2009). This analysis allows to test whether an individual's score is significantly
different from a control or normative sample and provide a point estimate of the abnormality
of the scores (i.e., it estimates the percentage of the population that would obtain a lower

score) according to the formula:
X1 — X,

S27/ (N2 + 1)/N;

where X, is the individual's score, X, the mean score in the control sample, S2 the standard

deviation of scores in the control sample, and N, the number of participants in the control
sample. The statistical test follows a t distribution on N, — 1 d.f. Multiplying the one-tailed
probability of t by 100 gives the point estimate of the abnormality of the individual's score in

percent.
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Decoding from reaching trajectories

To evaluate whether a movement was performed by the patient or a control participant, we
adopted a machine learning approach and applied a linear discriminant analysis (LDA). This
classification analysis was executed to compare the power of the LDA in recognizing the
patient's performance from that of control participants in all targets tested and for both
peripheral and foveal conditions. A LDA is a standard classification technique used to allocate
a new observation to one of Ng of two or more groups (usually referred to as classes) based on
its measured parameters, that in our case are the horizontal, sagittal, and vertical deviations
in each temporal division considered (features). The prediction of LDA consists in finding
discriminant functions that divide the features space in Ng regions, so that each region spans
the range of feature values that most likely characterize a given class. This is done on the basis
of a set of previous observations for which the group assignment is known (training dataset),
by maximizing the ratio of the between-groups to within-group variabilities (Marcia, Kent, &
Bibby, 1995; Maselli et al., 2017). We divided the whole time interval into 10 equal parts, for
each time interval an independent classifier was trained. Features were extracted as follows:
deviations were calculated as detailed in the previous section, when the classifier was trained
to separate left center and right target positions or near, intermediate and far positions,
features always included x, y and z components of the movement. Each time interval
comprising 10% of the movement (and corresponding with a single classifier) was further
subdivided into three time bins, so each classifier was trained with n consecutive values each
corresponding with 3.3% of the movement time. In this way, a temporal information has been
provided to the model. The samples thus corresponded to vectors of n elements x 3 (x, y, and
zcomponents), each sample being computed on a possible repetition of the movement (trial).
Because the left, middle, right, or three depth levels were considered over six different
classifiers, trials corresponding with the same group were considered together, for example,
the classifier that considered left deviations was fed with the three positions, namely, near,
center, and far from left targets. Also taking together multiple positions, the available trials
were few (15 trials), so we used a leave-one-out cross-validation technique to validate our
model. Final accuracy results were reported averaging recognition rates over the 15 test set
(error bars were 95% bootstrapped confidence intervals). The analysis was proposed to train
separate classifiers to resolve a binary classification between patient and single controls (10

combinations), and to compare the power of the LDA in recognizing the patient's performance
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from that of control participants and in recognizing the performance between healthy
participants in all targets tested and for both peripheral and foveal conditions (Figures 19 and

20).

Reaching end point analysis

Movement accuracy and precision were extracted by end points recorded as the x and y
coordinates of index finger when it touched the screen and the x and y coordinates of the target
locations. The spatial coordinates of the target locations were obtained by recording the X and
Y positions of reflective markers placed on the corresponding position of the targets projected
on the screen at the end of each experimental session. The two measures were extracted for
each control participant and the patient in the peripheral and foveal reaching task. The

accuracy was calculated as follows:

Accuracy = \/(xM = X106)? + (VM = Yioc)?

where xv and ym are the average end point coordinates and X, and yi.c are the target location

coordinates. The precision was calculated as it follows:

Precision = mean (\/(xl- —xp)? + (v — yM)Z)

where xi and yi are the end point coordinates for each trial and xu and yu are the average end
point coordinates. We statistically compared the accuracy and precision of control
participants with those of the patient S.T. using a one-tailed t-test analysis and Bonferroni post

hoc tests. The significant level for all analyses was set to 0.05.

4.3 RESULTS

Patient S.T. is a young man with bilateral occipitoparietal lesions. MRI reconstructed lesion
extent of S.T. revealed damage in the left hemisphere encompassing the superior and inferior
parietal lobule, in the angular gyrus and the precuneus, and damage in the right hemisphere,
mainly involving the precuneus (Figure 9A). He performed clinical tests reported below in this

article and the experimental task described in the Method section.

4.3.1 Clinical tests

A complete neuropsychological examination at the time of testing session showed: attentional

2 &«

deficits (in the subtests “acousticalvigilance,” “alertness,” “divided attention,” and “response
flexibility” of the Italian version of the Test of Attentional Performance (Zimmermann & Fimm,
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1992; Zoccolotti, Pizzamiglio, Pittau, & Galati, 1994); impairments in executive functions
(Tower of London (Culbertson & Zlllmer, 2000), working memory (subtest “Working Memory”
of the ltalian version of the Test of Attentional Performance; Zimmermann & Fimm, 1992), long-
term and short-term spatial memory (Caffarra, Vezzadini, Dieci, Zonato, & Venneri,
2002; Osterrieth, 1944); Corsi-Block tapping test (Spinnler & Tognoni, 1987), and constructive
apraxia (Osterrieth, 1944) (Rey-Osterrieth Complex Figure Test (Caffarra et al., 2002). S.T. also
showed defective visual exploration abilities (subtest “visual exploration” of the Italian version
of the Test of Attentional Performance (Zimmermann & Fimm, 1992; Zoccolotti et al., 1994).
S.T.’s performance was within the normal range in verbal memory (short story recall (Novelli et
al., 1986); digit span (Orsini et al.,, 1987), and logical and reasoning abilities (verbal
judgments; Spinnler & Tognoni, 1987). The results of neuropsychological assessment are
reported in Table 1. A neurological examination did not show any hemiparesis or motor deficit
and did not reveal somatosensory deficit. S.T. reported visual field defects that were mainly
confined to the lower peripheral parts of his left and right visual fields, as documented by static
perimetry (Medmont M700 automated perimetry apparatus, Melbourne, Australia) (Figures 9B—

9D).
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Table 1. Neuropsychological assessment. Notes. *A ‘Pathological performance. Patient's
scores are reported in the left column, while cut-off scores are reported in the right column.
CS, correct score; ES, equivalent score; SCS, screening score; SS, standard score; T, T-value.
The ES ranges from 0 to 4, with 0 = pathological performance, 1 = borderline performance, and
2-4 normal performance.

SS/CS/T/ Scs Cut-offfES
Attention
Test of Attentional
Performance
Subtest acoustical vigilance
Reaction times, minutes
0-5 T=43 T=40
5-10 T=45 T=40
False reactions, minutes
0-5 T=48 T=40
5-10 T=36* T=40
Subtest alertness {reaction
times}
Without warning T=25* T=40
With warning T=20* T=40
Subtest divided attention
Reaction times T=57 T=40
Omissions T=20* T=40
Subtest response flexibility
reaction times T« 20* T=40
False reactions T=129* T=40
Executive functions
Tower of London
Total move score S =04 SS5=70
Total correct score S85=86 SS=7
Total rule violation 85 < 60* SS=70
Total time violation $S=60 S=7
Total initiation time §5 =122 SS=70
Total execution time 85 < 60* SS=70
Total problem sclving time 85 < 6O S8S=7
Working memory
Test of Attentional
Performance
Subtest working memory
Reaction times T=54 T=40
Omissions T=20* T=40
Memory
Verbal memory
Digtt span £S=375 E$S=1
Short story S=8 ES=1
Visuospatial memory
Corsi-Block tapping test C5=175* ES=10
Rey-Osterrieth Complex cs=0* ES=0
Figure Test {memaory)
Logical and reasoning abilities
Verbal judgments CS=425 ES$=2
Constructive apraxia
Rey-Osterrieth Complex £5=3* ES=0
Figure Test {copy]
Visual exploration
Test of Attenticnal
Performance
Subtest visual exploration
test
Target present
Reaction times T < 20* T=40
Omissions T=24% T=40

At the time of testing, S.T. showed OA as documented by clinical observation. Indeed, while
looking at the examiner's nose, S.T. could correctly identify objects located in the periphery,
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but he could not accurately point to these objects. He also performed a pointing task
(Frassinetti, Bonifazi, & Ladavas, 2007), in which he sat at a distance of 57 cm in front of a
semicircular apparatus consisting of a vertical transparent plastic support. The transparent
plastic support was graduated (in visual degree) and the experimenter, sitting behind the
support, could record the final landing position of each pointing movement. The patient's
spatial accuracy in pointing was quantified as the difference between the landing position in
pointing and the actual target position.

Visual targets (i.e., a pen) were presented randomly in one of three possible positions: in a
central position (0°) or to the left or the right of patient's body midline (21°). The patient was
instructed to keep his head in a midline position and to fixate on a central point and the fixation
was controlled online by the experimenter; he was asked to reach the targets through a pointing
movement with the extended index finger, both with the right and the left hand, both in the
absence (open loop condition) and in the presence (closed loop condition) of visual feedback
of ongoing movement. Specifically, in the open loop condition, a cardboard covered the
semicircular apparatus and prevented vision of the arm performing the movement. Ten stimuli
per position, in each condition, were presented. In this clinical task, the patient's performance
in each condition was compared with the performance of 10 controls (mean age, 43.8 + 11.4;
6 females) using a modified version of the independent sample two-tailed t-test (Crawford &
Garthwaite, 2002; Crawford & Howell, 1998; Danckert et al., 2009). The 10 control participants
involved in this clinical task were different from those involved in the experimental task
described in the next paragraph of this article.

The patient's performance was defective with both hands, both in the open loop and closed
loop conditions and irrespective of target position (all Ps <0.011) with the exception of pointing
movements performed with the right hand toward the right target in the closed loop condition
(P =0.37) and movements performed with the left hand toward right targets in the closed loop
condition (P =0.017) and toward the left and central targets in the open loop condition (all P >
0.033). Overall, pointing errors were more pronounced when pointing was performed with the
right hand, in the open loop condition and toward targets located in the left visual space. These

results are shown in Table 2.
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Table 2. Pointing performance of patient S.T. and mean pointing performance of controls.
Notes. Localization errors are expressed in visual degree. Positive and negative values indicate
errors toward the right and the left, respectively. Asterisks denote a neuroatypical
performance.

Left Target  Central Target  Right Target

Right hand
Closed-loop
Patient 5.T. —6.3* 1.4* 0.5
Controls 0.44 Q.05 -0.01
Open loop
Patient S.T. 8.5* 2* 5.6%
Controls 1.02 —0.02 —0.47
Left hand
Closed loop
Patient S.T. 3.8* 1.1% -16
Controls —-D.32 0 —-0.59
Open loop
Patient S.T. —2.4 13 —5.7*
Controls 0.01 Q.07 —-1.17

4.3.2 Reaching end points

Patient S.T. and 10 healthy participants performed the visually guided reaching task in 3D
space sketched in Figures 10A-10C. They reached visual targets (presented on a horizontal
touch screen) at different depths and directions with respect to participant's midline. We
tested two viewing conditions: peripheral reaching, where gaze was kept central, uncoupled
from the position of reaching target, and foveal reaching, where gaze and reaching target
positions were the same (Figure 10D). No gender effect was found on movement time of both
peripheral and foveal reaching (one-way analysis of variance; P= 0.481 and P= 0.3728,
respectively).

A typical analysis of reaching end points is shown in Figure 11, where a comparison of the
accuracy and precision parameters between the patient and controls was performed by a t-
test analysis. Figures 11A and 11C show the distribution of average reaching end points
corresponding to control participants and patient S.T. in peripheral and foveal reaching,
respectively. It is qualitatively evident a higher accuracy and precision of control participants
with respect to patient S.T. The statistical results of accuracy and precision analysis are shown
in Figures 11B and 11D as color maps. In peripheral reaching, the accuracy was statistically
lower when the patient reached the farthest targets (Bonferroni post hoc test, P < 0.001), the
left-intermediate target (Bonferroni post hoc test, P <0.001), and the nearest central and right
targets (Bonferroni post hoc test, P< 0.05 and P< 0.001, respectively). The precision was

significantly lower for all targets tested (Bonferroni post hoc test, P <0.001). In foveal reaching,
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the accuracy was significantly lower when the patientreached the right targets (Bonferroni post
hoc test, P <0.001), the left and right farthest targets (Bonferroni post hoc test, P <0.001) and
the nearest central target (Bonferroni post hoc test, P <0.001). The precision was significantly
lower for all targets tested except for the nearest central target (Bonferroni post hoc test, P <
0.001). In summary, patient S.T. showed a lower accuracy with respect to control participants,
giving origin to hypometric and hypermetric misreaches when the targets were located farthest

and nearest, respectively. He showed also a decreased precision for all the targets tested.
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Figure 11. Reaching end points of patient S.T. and control participants. (A) Averaged
reaching end points calculated in the peripheral reaching for control participants (blue dots)
and patient S.T. (red dots). Red lines represent the patient's end point accuracy (B) P values of
patient's accuracy (left) and precision (right) in peripheral reaching. (C) Averaged reaching end
points calculated in the foveal reaching for control participants (blue dots) and patient S.T.
(red). (D) P values of patient's accuracy (left) and precision (right) in foveal reaching.

In addition to abnormalities of reaching end points, we observed differences in performing the
trajectory necessary to reach the targets located along the horizontal and sagittal axes. This

difference is shown in Figure 12 where the average trajectory of the patient is graphically
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compared with that of control participants. For all targets tested, abnormal deviations of the
patient's trajectory (in red) are visible compared with the controls’ ones (in black). From this
qualitative observation, we performed a detailed characterization of the trajectory

performance, as described below in this article.
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Figure 12. Reaching trajectories of patient S.T. and control participants. (A) Averaged
reaching trajectories calculated in the peripheral reaching for control participants (black lines)
and patient S.T. (red lines). (B) Averaged reaching trajectories calculated in the foveal reaching
for control participants (black lines) and patient S.T. (red lines). Black dots represent the nine
target positions in both (A) and (B).

4.3.3 Decoding from reaching trajectories — horizontal axis

Figure 13 shows an analysis of the trajectory deviations, with respect to the straight trajectory,
for reaching targets distributed along the horizontal axis in peripheral and foveal conditions

(Figures 13, left, and Figure 13, right, respectively). Kinematic data are reported separately for

targets located in the left (Figure 13A), middle (Figure 13B), and right (Figure 13C) spaces.
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X DEVIATION for targets along the horizontal axis

A Peripheral reaching Foveal reaching
150 150
E 100 E 100
c e
g @ L2 50 S 50 W
© [
> >
A R e —— — R —
> >
S 50 S -50
3 3
@ -100 @ -100
- =
-150 -150
0 50 100 0 50 100
Time course of the movement (%) Time course of the movement (%)
B 150 150
3 13
£ 100 £ 100
& 50 s 50
a - g o
w® N r— i | =" S
adf S s &
> >
g 50| § 50
8 3
‘T -100 ‘T -100
= (=
-150 -150
0 50 100 0 50 100
Time course of the movement (%) Time course of the movement (%)
C 150 150
€ €
£ 100 £ 100
8 50 C:) 50
s k5]
al = | 7 L BNy - % &
@ ) a o
> >
A s -50 5 -50
8 8
‘T -100 ‘T -100
- -
-150 -150
0 50 100 0 50 100
Time course of the movement (%) Time course of the movement (%)
Controls Patient ST

Figure 13. X deviations of reaching trajectory toward targets along the horizontal axis. (A,
left) Temporal evolution of the horizontal deviations from the straight trajectory for reaching to
left targets in peripheral reaching in patient S.T. (red line) and control participants (black line).
Negative values correspond with left deviations, positive values correspond with right
deviations. Thin lines represent individual trajectories. (Right) Temporal evolution of the
horizontal trajectory deviations for reaching to left targets in foveal reaching. (B, left) Temporal
evolution of the horizontal trajectory deviations for reaching to middle targets in peripheral
reaching. (Right) Temporal evolution of the horizontal trajectory deviations for reaching to
middle targets in foveal reaching. (C, left) Temporal evolution of the horizontal trajectory
deviations for reaching to right targets in peripheral reaching. (Right) Temporal evolution of the
horizontal trajectory deviations for reaching to right targets in foveal reaching.

In control participants, the movements toward left targets started with a trajectory that was
close to the straight one and then deviated to the left (see Figure 13A, left, black line). At the

half of the movement, the trajectory displayed the maximum deviation and then deviation
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progressively decreased until the end of the movement. The same trajectory evolution was
observed in both peripheral and foveal reaching of left targets (compare the black lines in
Figures 13A, left, and 13A, right). In the patient, the pattern of trajectory was totally different.
For targets located to the left in peripheral condition, S.T. reached the targets following a
trajectory that was close to the straight one (Figure 13A, left, red line) and significant deviations
toward the left (negative values) were observed only in the last 30% of movement execution. In
the last 20% of movement, the trajectory was outside the confidence range of the trajectory
deviation of the control participants.

In the foveal condition, the trajectory of S.T. toward the left targets was completely different.
He showed the maximum leftward (negative) deviation during the first half of movement, with
the trajectory being outside the range of control participants deviations from the onset of
movement (Figure 13A, right, red line). In the second part of the movement, the trajectory was
within the range of control participants and progressively approached the straight line. We
calculated the time at which maximum deviation from the straight trajectory occurred.
Because the reaching movements toward targets located in the horizontal axis were principally
executed along the x component of the trajectory, for left targets, we analyzed the occurrence
of maximum negative deviation with respect to the straight trajectory. A significant difference
was found in the time where maximum negative deviation occurred in patient and controls in
peripheral reaching (controls, 0.31 = 0.19 s; patient S.T., 0.78 = 0.1 s; t = 3,076; P = 0.013).,
where the deviation occurred later in patient with respect to controls. However, this did not
affect the total movement time (controls, 0.73 £ 0.08 s; patient S.T., 0.62 £ 0.07 s; t=-1.360; P
=0.104). In foveal reaching, no significant difference was found either in the time of maximum
negative deviation (controls, 0.27 £ 0.19 s; patient S.T., 0.46 + 0.36 s; t = 0.920; P = 0.382) and
in the total movement time (controls, 0.72 £ 0.10 s; patient S.T., 0.56 £+ 0.09 s; t =-1.480; P =
0.086).

For targets located in the middle row, in both peripheral and foveal conditions, control
participants presented a negative and a positive peak in trajectory deviations. The first negative
peak representing the deviation to the left of the straight trajectory occurred around the 30% of
the total movement time (Figures 13B, left, and 13B, right, black lines). The positive peak
represented the deviation to the right of the straight trajectory and occurred around the 70% of
the movement in both peripheral and foveal condition (Figures 13B, left, and 13B, right, black

lines). Patient S.T. started the movement following the same path as control participants, by
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deviating the arm to the left. However, S.T. was then not able to correct this initial leftward
deviation (contrary to the controls) and remained abnormally deviated to the left of straight
trajectory for the entire duration of arm movement (Figure 13B, left, red line). This behavior was
observed also in the foveal condition (Figure 13B, right). The time where maximum negative
deviation that occurred in peripheral (controls, 0.32 = 0.16 s; patient S.T., 0.40 = 0.14 s) and
foveal conditions (controls, 0.29 = 0.13 s; patient S.T., 0.52 + 0.38 s) did not show significant
differences (peripheral, t = 0.446; P = 0.666, foveal, t = 0.588; P = 0.571). No significant
differences were found in the total movement time in both peripheral (controls, 0.67 £ 0.16 s;
patient S.T., 0.53 + 0.08 s; t = -0.867; P = 0.409) and foveal reaching (controls, 0.67 £ 0.15 s;
patientS.T.,0.58 +0.19s; t=-0.551; P = 0.595).

For targets located at the right side, in both peripheral and foveal conditions, control
participants displayed a pattern of trajectory deviations similar to those observed for reaching
toward the middle targets. The first peak, to the left of the straight trajectory, occurred at about
the first 30% of movement's duration. The second peak, to the right, occurred at approximately
70% of movement time (Figures 13C, left, and 13C, right, black lines). However, the two
negative and positive peaks of trajectory deviations displayed larger amplitudes with respect
to those observed in the middle targets. Significant differences between the patient and
controls were found in the time where maximum negative deviation occurred in both peripheral
(controls, 0.21 £ 0.07 s; patient S.T., 0.55 = 0.22 s; t = 4.698; P = 0.001) and foveal reaching
(controls, 0.19 £ 0.07 s; patientS.T.,0.37 £ 0.1 s; t=2.482; P =0.035). Patient S.T. showed more
delayed maximum negative deviations with respect to controls in both reaching conditions.
However, no significant differences were found in the total movement time in both peripheral
(controls, 0.71 £ 0.11 s; patient S.T., 0.55 £ 0.26 s; t = -1.309; P = 0.112) and foveal reaching
(controls, 0.71 £0.12 s; patient S.T., 0.53 + 0.08 s; t = -1.388; P = 0.099).

These results show that mild, but significant, trajectory deviations were detected also during
reaching to left targets in peripheral reaching. However, the worst performance of patient S.T.
compared with controls was observed during reaching to right targets, where greater horizontal
deviations, distributed across movement execution and delayed maximum negative
deviations, were found.

Figure 14 shows the time course of the trajectory deviations for the y component for left (Figure
14A), middle (Figure 14B) and right (Figure 14C) targets in peripheral and foveal reaching. In all

target positions, the y deviation of the patient showed less pronounced negative and positive
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deviations with respect to the controls. In fact, control participants showed first a negative
deviation and, during the second stage of the movement, a larger positive one. The averaged
positive deviation was 83.2 £ 11.14 mm for peripheral reaching and 91.78 £ 4.99 mm for foveal
reaching (see Figures 14A, 14B, and 14C, black lines). In the patient, the averaged positive
deviationwas 4.77.2 +20.6 mm for peripheralreaching and 25.37 £ 2.15 mm for foveal reaching

(see Figures 14A, 14B, and 14C, red lines).
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Peripheral reaching Foveal reaching
A 150 150
E 100 E 100
g 50 8 50
a g g
: ®
aq® g o = g o Gl — Ny - %
> >
ﬂ s -50 & -50
8 8
‘T -100 @ -100
= -
-150 -150
0 50 100 0 50 100
Time course of the movement (%) Time course of the movement (%)
B 150 150
E 100 E 100
§ 50 S5 50
g s
<4l I ol&g : N 0¥
g 50 g -50
8 8
‘T -100 ‘@ -100
= [
-150 -150
0 50 100 0 50 100
Time course of the movement (%) Time course of the movement (%)
C 150 150
E E
£ 100 £ 100
§ s0 S s0 W
N = 3
@ { é 0 e — - é 0 s — — — >
A = 2
& -50 & -50
© °©
(0] @
‘T -100 ‘@ -100
= -
-150 -150
0 50 100 0 50 100
Time course of the movement (%) Time course of the movement (%)
Controls Patient ST

Figure 14. Y deviations of reaching trajectory toward targets along the horizontal axis. (A,
left) Temporal evolution of the horizontal deviations from the straight trajectory for reaching to
left targets in peripheral reaching in patient S.T. (red line) and control participants (black line).
(Right) Temporal evolution of the horizontal trajectory deviations for reaching to left targets in
foveal reaching. (B, left) Temporal evolution of the horizontal trajectory deviations for reaching
to middle targets in peripheral reaching. (Right) Temporal evolution of the horizontal trajectory
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deviations for reaching to middle targets in foveal reaching. (C, left) Temporal evolution of the
horizontal trajectory deviations for reaching to right targets in peripheral reaching. (Right)
Temporal evolution of the horizontal trajectory deviations for reaching to right targets in foveal
reaching.

Figure 15 shows the time course of the trajectory deviations for the z component for reaching
targets distributed along the horizontal axis in peripheral and foveal conditions (Figures 15, left,
and Figure 15, right). The kinematic data are reported separately for targets located in the left
(Figure 15A), middle (Figure 15B), and right (Figure 15C) spaces. In all target positions tested in
the peripheral condition, the control participants showed a single positive peak at the 50% of
the movement execution and the averaged deviation was 29.83 = 17.25 mm. Patient S.T.
presented a positive peak more tardive with respect to control participants at the 70% of the
movement execution with a larger average deviation equal to 124.84 mm = 7.51 mm (see Figure
15, left). In foveal condition, the results show similar temporal profiles of positive peaks of
deviation between control participants and the patient (50% and 70%, respectively). The
average maximum deviation was 30.63 = 15.91 mm in control participants and 127.97 + 5.46

mm in the patient (see Figure 15, right).
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Z DEVIATION for targets along the horizontal axis
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Figure 15. Z deviations of reaching trajectory toward targets along the horizontal axis. (A,
left) Temporal evolution of the horizontal deviations from the straight trajectory for reaching to
left targets in peripheral reaching in patient S.T. (red line) and control participants (black line).
(Right) Temporal evolution of the horizontal trajectory deviations for reaching to left targets in
foveal reaching. (B, left) Temporal evolution of the horizontal trajectory deviations for reaching
to middle targets in peripheral reaching. (Right) Temporal evolution of the horizontal trajectory
deviations for reaching to middle targets in foveal reaching. (C, left) Temporal evolution of the
horizontal trajectory deviations for reaching to right targets in peripheral reaching. (Right)
Temporal evolution of the horizontal trajectory deviations for reaching to right targets in foveal
reaching.

4.3.4 Decoding from reaching trajectories - sagittal axis
Along the sagittal axis, control participants showed quite consistent trajectory deviations on

the x component of the trajectory during reaching movements toward near, intermediate and
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far targets in both peripheral and foveal conditions. As shown in Figure 16, the control
participants showed a negative deviation in the first stage of the movement and a positive
deviation in the second stage of the movement for peripheral and foveal reaching (Figures
16A, 16B, and 16C, see black lines). On the contrary, patient S.T. showed only a negative
deviation suggesting an inability in correcting the trajectory to appropriately direct the hand

toward the final target (Figures 16A, 16B, and 16C, see red lines).
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Figure 16. X deviations of reaching trajectory toward targets along the sagittal axis. (A, left)
Temporal evolution of the horizontal deviations from the straight trajectory for reaching to near
targets in peripheral reaching in patient S.T. (red line) and control participants (black line).
(Right) Temporal evolution of the horizontal trajectory deviations for reaching to near targets in
foveal reaching. (B, left) Temporal evolution of the horizontal trajectory deviations for reaching
to intermediate targets in peripheral reaching. (Right) Temporal evolution of the horizontal
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trajectory deviations for reaching to intermediate targets in foveal reaching. (C, left) Temporal
evolution of the horizontal trajectory deviations for reaching to far targets in peripheral
reaching. (Right) Temporal evolution of the horizontal trajectory deviations for reaching to far
targets in foveal reaching.

For the y component of the trajectory, control participants showed deviations that gradually
increased from near to far targets (Figures 17A, 17B, and 17C, black lines). At the beginning of
movement, the hand showed a small hypometric deviation (negative values), which means that
it was behind the corresponding point of the straight trajectory. Then, this trajectory deviation
reversed and large hypermetric (positive) values were observed in the remaining 70% of
movement (Figure 17, black lines), meaning that the hand was in front of the corresponding
point of the straight trajectory. For targets located along the sagittal axis, we calculated the
time where maximum deviation toward positive values occurred in patient and controls and
then statistically compared them. The patient performed hand movements toward targets at
different depths with similar trajectories between the peripheral and foveal reaching (Figure
17, red lines). Patient's trajectories were quite similar to those of control participants in the first
30% of movement, in both peripheral and foveal reaching. However, in the last 70% of
movement, trajectories significantly deviated from those of controls, becoming more similar
to straight-line trajectories. Notice that, although the control participants showed an increase
in deviation for movements toward far targets, the patient showed larger deviations from a
straight line trajectory for near targets. No significant differences were found in the time when
maximum positive deviation occurred during the movement, both in peripheral (near targets,
controls, 0.59 = 0.1 s; patient S.T., 0.6 = 0.33 s; t = 0.097; P = 0.925; center targets, controls,
0.57 £0.09 s; patient S.T., 0.63 £ 0.27 s; t = 0.562; P = 0.588; far targets, controls, 0.6 + 0.08 s;
patientS.T., 0.72+0.33 s;t=1.342; P=0.212) and foveal reaching (near targets: controls, 0.58
+ (.09 s; patient S.T., 0.59 £ 0.29 s; t = 0.100; P = 0.923; center targets, controls, 0.59 £ 0.07 s;
patientS.T.,0.72 £ 0.30 s; t=1.773; P = 0.110; far targets, controls, 0.57 £ 0.08 s; patient S.T.,
0.68 +0.34 s; t = 1.316; P = 0.221). However, total movement time was significantly affected
only in peripheral reaching for central and far targets (center targets, controls, 0.70 * 0.09 s;
patientS.T., 0.52 £ 0.06 s; t=-2,051; P =0.035; far targets: controls, 0.79 + 0.09 s; patient S.T.,
0.58 £0.06s;t=-2.015; P=0.037).
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Y DEVIATION for targets along the sagittal axis
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Figure 17.Y deviations of reaching trajectory toward targets along the sagittal axis. (A, left)
Temporal evolution of the horizontal deviations from the straight trajectory for reaching to near
targets in peripheral reaching in patient S.T. (red line) and control participants (black line).
(Right) Temporal evolution of the horizontal trajectory deviations for reaching to near targets in
foveal reaching. (B, left) Temporal evolution of the horizontal trajectory deviations for reaching
to intermediate targets in peripheral reaching. (Right) Temporal evolution of the horizontal
trajectory deviations for reaching to intermediate targets in foveal reaching. (C, left) Temporal
evolution of the horizontal trajectory deviations for reaching to far targets in peripheral
reaching. (Right) Temporal evolution of the horizontal trajectory deviations for reaching to far
targets in foveal reaching.

Figure 18 shows the temporal evolution of the trajectory deviations for the z component for
reaching targets distributed along the sagittal axis in peripheral and foveal conditions (Figure

18, left, and Figure 18, right). In the peripheral condition, similarly at the direction dimension,
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control participants showed a single positive peak at the 50% of the movement execution and
the averaged deviation was 31.05 * 19.54 mm. Also in this case, patient S.T. presented a
positive peak more tardive with respect to control participants at the 70% of the movement
execution, with a larger average deviation (116.2 £ 18.14 mm, see Figure 18, left). In foveal
condition, the results show similar temporal profiles of positive peaks of deviation in control
participants and patient (50% and 70%, respectively). The average maximum deviation was
32.32 £17.82 mm in control participants and 121.46 £ 13.55 mm in the patient (see Figure 18,
right).

Z DEVIATION for targets along the sagittal axis
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Figure 18. Z deviations of reaching trajectory toward targets along the sagittal axis. (A, left)
Temporal evolution of the horizontal deviations from the straight trajectory for reaching to near
targets in peripheral reaching in patient S.T. (red line) and control participants (black line).
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(Right) Temporal evolution of the horizontal trajectory deviations for reaching to near targets in
foveal reaching. (B, left) Temporal evolution of the horizontal trajectory deviations for reaching
to intermediate targets in peripheral reaching. (Right) Temporal evolution of the horizontal
trajectory deviations for reaching to intermediate targets in foveal reaching. (C, left) Temporal
evolution of the horizontal trajectory deviations for reaching to far targets in peripheral
reaching. (Right) Temporal evolution of the horizontal trajectory deviations for reaching to far
targets in foveal reaching.

4.3.5 Classifier performance

To evaluate whether the performance of the LDA classification analysis, we applied a binary
classification analysis that evaluated whether the classifier was more able to discriminate the
patient's performance from that of control participants or among
controls. Figures 19 and 20 show the average classification accuracy for trajectory deviations
across the movement execution for targets located at different directions and depths and in
both peripheral and foveal conditions, respectively. We calculated the accuracies through
leave-one-out cross-validation and the error bars by 95% bootstrapped confidence intervals.
The results show that the classification accuracy was higher in recognizing the patient's
performance from that of control participants when they reached targets in all the positions
tested (see the red plots above the black ones in Figures 19 and 20). Furthermore, the ability in
the classifier recognition was visible from the 20% of the movement execution, suggesting that,
in principle, the method can be generalized as it recognizes better the pathological behavior
with respect to the neurotypical one in each condition tested and already at the early stage of

the action.
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Figure 19. Binary classification analysis comparing the classifier's ability to distinguish
patient performance from controls, or to differentiate among controls, along the
horizontal axis. (A) Average recognition rate of classification accuracy for left targets between
patient and controls (red plots) and between controls (black plots). (B) Averaged recognition
rate of classification accuracy for middle targets. (C) Averaged recognition rate of
classification accuracy for right targets. The thin lines represent individual accuracies. The
straight dotted line represents the chance level (50%).
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Figure 20. Binary classification analysis comparing the classifier's ability to distinguish
patient performance from controls, or to differentiate among controls, along the sagittal
axis. (A) Average recognition rate of classification accuracy for near targets between patient
and controls (red plots) and between controls (black plots). (B) Averaged recognition rate of
classification accuracy for intermediate targets. (C) Averaged recognition rate of classification
accuracy for far targets. The thin lines represent individual accuracies. The straight dotted line
represents the chance level (50%).

4.4 DISCUSSION

The focus of this study was to characterize the kinematics of reaching movements performed
toward targets located at different directions and depths in a patient with a bilateral
occipitoparietal damage that included parts of SPL, IPS, and precuneus. To do this, we

performed a quantification of trajectories by the adoption of a decoding approach to
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discriminate, at the individual level, whether reaching movements were performed by the
patient or by healthy participants. To our knowledge, this decoding approach has never been
applied in studies investigating kinematics in patients with OA.
Because it is well-known that PPC damage can differentially affect movements performed
under different viewing conditions (Balint, 1909; MclIntosh, Mulroue, & Brockmole, 2010;
Rossetti, Pisella, & Vighetto, 2003), we tested here both peripheral and foveal reaching.
Although several previous studies have investigated reaching behavior in patients with PPC
lesions, and the present findings are in line with these, two aspects of the present study
qualitatively deviated from the current literature: the first is the combination of movement
trajectory analysis with decoding methods that have not been performed so far, and the
second is the joint analysis of reaching errors and trajectories performed toward targets
located in the 3D space.

Overall, patient S.T. showed abnormal deviations from the virtual straight line used for the
trajectory analysis, both in depth and direction, during movements in both foveal and non-
foveal conditions. These deviations are not just the result of mechanical limitations but could
reflect altered brain processes related to spatial representation of the reaching targets
typically observed in patients with OA visuomotor deficit.

Along the horizontal axis, patient S.T. demonstrated anomalous movement trajectories,
significantly more deviated toward the left with respect to control participants for targets
located on the right, with peculiar, more delayed negative trajectory deviation. This
spatiotemporal impairment, visible both in peripheral and in foveal viewing conditions in the x
component of the trajectory, was more evident in the second half of the movement. For targets
located on the middle of the reaching space, we also found an anomalous left deviation of the
patient S.T. with respect the control participants that was more evident in the peripheral
condition after the half of the movement. The abnormal deviations increased from left to
middle and then to right targets suggesting a worsening of the reaching performance for the
targets included in the most affected visual field of the patient, the right visual field. In line with
these findings, during the early stage of the movement, the LDA classifier was able to
discriminate the patient's motor performance from that of control participants.

The fact that the patient's abnormal performance is mainly expressed in the second half of the
movement, hints at a deficit in the movement correction system that becomes more important

in the late stages of movement (Desmurget et al., 1999). This view is in line with the evidence
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that PPC is responsible for the online correction mechanism of the arm movement (Andersen,
Andersen, Hwang, & Hauschild, 2014; Archambault, Ferrari-Toniolo, Caminiti, & Battaglia-
Mayer, 2015; Desmurget et al., 1999; Gréa et al., 2002; Pisellaet al., 2000; Rossettiet al., 2003).
Online correction mechanism is constantly required for the performance of accurate visually
guided reaching movements (Goodale, Pelisson, & Prablanc, 1986; Pélisson, Prablanc,
Goodale, & Jeannerod, 1986) and requires a fast comparison of target and hand location. This
mechanism was demonstrated to be active in reaching movements when rapid changes of
target location occurred (Blangero et al., 2008; Pisella et al., 2000). In this situation, patients
with OA showed a lack of movement correction. However, the performance of patients with OA
improved when the vision of the target and the hand was removed (Jackson, Newport, Mort, &
Husain, 2005; Milner, Dijkerman, Mcintosh, Rossetti, & Pisella, 2003) because, in these
conditions, participants relied on previous knowledge of target location and proprioceptive
feedback (Lingnau et al., 2012). All these observations support the view that PPC is involved in
online visuomotor control (Desmurget et al., 1999; Gréa et al., 2002; Rossetti et al., 2003).
Moreover, movements toward stationary objects (i.e., similar to the movements performed in
the present study) have been demonstrated to require slight online modifications in
normotypical individuals (Jakobson & Goodale, 1989; Prablanc & Martin, 1992). Given that
these modifications produce an increased deceleration time during the second part of the
movement, itis reasonable to suppose that the differences found in patient S.T. arm trajectory
in the second half of movement execution are correlated with an impairment of such control
mechanisms.

Along the sagittal axis, patient S.T. displayed different patterns of trajectory deviations across
the target distances tested. The maximum spatiotemporal differences between patient and
controls were found for movements performed toward the most distant targets. Moving from
near to far space, patient S.T. decreased the trajectory deviation with respect to controls,
becoming progressively slower. Specifically, for reaching toward far space, patient's
trajectories became more stereotyped compared with those of the controls suggesting a
difficulty in relying on the online correction system ascribed to this part of the cortex
(Desmurget et al., 1999; Pisella et al.,, 2000). An additional explanation can be found
considering that movements executed along the sagittal plane are more difficult to be
executed as they mainly rely on proprioceptive information (van Beers, Sittig, & Denier van der

Gon, 1998). In fact, in depth, proprioception is more reliable than vision (Flanders, Tillery, &
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Soechting, 1992; Monaco et al., 2010; Sainburg, Lateiner, Latash, & Bagesteiro, 2003; van
Beersetal., 1998) and the reaching of targets using proprioceptive information is typically more
accurate for targets closer to the shoulder (van Beers et al., 1998).

The analysis of trajectory deviations in depth demonstrated differences between peripheral
and foveal reaching for near and intermediate targets for the y component of the trajectory. In
peripheral reaching and for all target positions, the patient was not able to compensate the
trajectory deviation reducing the distance between the deviations of patient S.T. and control
participants at the end of movement whereas, in foveal reaching, the patient was able to
reduce this distance that became similar to those of controls (see Figures 9A and 9B, left and
right diagrams for comparison). These results reflect the limited impairment of patients with
OA in foveal vision (Buxbaum & Coslett, 1997; Jeannerod, Decety, & Michel, 1994; Perenin &
Vighetto, 1988) and support strong evidence that described OA as a visuomotor deficit
characterized by evident misreaches toward peripherally presented targets.
The majority of case studies on patients with PPC lesions focused on quantifying reaching
errors. These studies have demonstrated that patients with PPC lesions, and in particular
those presenting the OA deficit, show strong inaccuracies in reaching movements toward
targets presented in the contralesional visualfield (field effect) and/or using the contralesional
hand (hand effect) (Blangero et al., 2008; Khan et al., 2007; Rice et al., 2008; Striemer et al.,
2009). Danckert, Goldberg, and Broderick (2009) showed that the damage of SPL including
regions of the IPS and parieto-occipital junction led to impaired movements more in the sagittal
plane than the horizontal one. Other case studies demonstrated a poor representation of the
depth dimension and its perception in patients with bilateral lesions of PPC (Baylis & Baylis,
2001; Holmes & Horrax, 1919; Schaadt, Brandt, Kraft, & Kerkhoff, 2015). The present study
confirms that lesions of PPC lead to reaching impairments along both horizontal and sagittal
dimensions. Despite different behavioral variables analyzed and the different tasks used to
test patients with OA, two studies allow a quantitative comparison with the present study, as
they investigated movements executed along horizontal and sagittal dimension (Cavina-
Pratesi, letswaart, Humphreys, Lestou, & Milner, 2010; Danckert et al., 2009). In these studies,
the highest differences between the patients and the control participants were found along the
depth dimension, similarly to what we found in the present study (Cavina-Pratesi et al., 2010;
Danckert et al., 2009) and in particular for the farthest-contralesional target (Cavina-Pratesi et

al., 2010). However, Cavina-Pratesi et al. (2010) found differences only in peripheral viewing
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conditions, whereas Danckert et al. (2009) found strong impairments in free viewing conditions
(foveal conditions), similar to the present results.

There is evidence from monkey studies suggesting the existence of common representation of
reaching in depth and direction in single neurons of the SPL (Hadjidimitrakis, Bertozzi,
Breveglieri, Bosco, et al., 2014; Hadjidimitrakis, Dal Bo’, Breveglieri, Galletti, & Fattori, 2015).
These findings from monkeys were in contrast with the general view that depth and direction of
reaching targets are processed independently (Crawford, Henriques, & Medendorp, 2011;
Flanders, Tillery, & Soechting, 1992). The view of separate pathways for depth and direction is
based on several behavioral studies (Bagesteiro, Sarlegna, & Sainburg, 2006; Flanders &
Soechting, 1990; Gordon, Ghilardi, Cooper, & Ghez, 1994; Sainburg, Lateiner, Latash, &
Bagesteiro, 2003; Van Pelt & Medendorp, 2008; Vindras, Desmurget, & Viviani, 2005), although
a neurophysiological support to it is relatively weak (De Vitis et al., 2019; Lacquaniti, Guigon,
Bianchi, Ferraina, & Caminiti, 1995). The present work allowed a combined study of direction
and depth dimensions, similar to what was done in the monkey (Filippini, Breveglieri,
Hadjidimitrakis, Bosco, & Fattori, 2018; Hadjidimitrakis, Bertozzi, Breveglieri, Bosco, et al.,
2014; Hadjidimitrakis, Bertozzi, Breveglieri, Galletti, & Fattori, 2017) and, in line with evidence
in monkeys, an impairment of reaching in both depth and direction was found. This finding
suggests that SPL, in addition to inferior parietal lobule, could contribute to reaching trajectory
and movement accuracy performed in 3D space.

This study highlights the possibility to discriminate the performance of a given patient by
observing kinematic components of arm movement well in advance with respect to the
conclusion of the action. However, without assuming that all patients with OA show a pattern
similar to S.T., we predict that the results of the classification analysis can be generalized to
other patients on the basis of the extent and location of the lesion that causes the OA and
whether the reaching trajectories of the patient display abnormalities with respect to their
normal execution that typically presents appropriate curvatures and deviations. Specifically,
we would expect a primary deficit in reaching executed toward the 3D space when the OA is
associated with lesions that include the SPL, that is known to play a role in the encoding of
reaching toward targets located in direction and depth (Bosco, Breveglieri, Hadjidimitrakis,
Galletti, & Fattori, 2016; Hadjidimitrakis, Bertozzi, Breveglieri, Bosco, et al., 2014;
Hadjidimitrakis, Bertozzi, Breveglieri, Fattori, & Galletti, 2014; Hadjidimitrakis et al., 2017,

2015). In general, and taking into account these considerations, the decoding of patient's
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reaching behavior by the classifier of the present study could represent a suitable model to
examine at which stage of the trajectory, movementinaccuracies develop and this information

may be used in clinical applications to evaluate the degree of impairment.

4.5 CONCLUSIONS

Taken together, these findings suggest that the occipitoparietal lesion results in the
impairment of movements toward targets in the 3D space and that these deficits can be
decoded well before the movement end. In particular, these impairments affect both
movements directed toward targets located along the horizontal axis and movements toward
targets located along the sagittal axis in peripheral and foveal reaching conditions. This shows
that the PPC is involved in the encoding of 3D reaching movements as monkey studies
demonstrated in the recent literature (Bosco, Breveglieri, Hadjidimitrakis, Galletti, & Fattori,
2016; Hadjidimitrakis, Bertozzi, Breveglieri, Bosco, et al., 2014; Hadjidimitrakis, Bertozzi,
Breveglieri, Fattori, & Galletti, 2014; Piserchia etal., 2017). Importantly, the decoding approach
applied here to kinematic measures opens a novel perspective in the diagnosis and
rehabilitation of visuomotor deficits by analysis of kinematic features of the movement from
initial action stages, rather than using the pattern of errors of already accomplished

movements.
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5. SECOND STUDY

“Different effects of multiple interactions on size perception in virtual reality”

5.1 INTRODUCTION

Distances in virtual environments (VEs) are typically underperceived (Waller & Richardson
2008), whereas real-world distances are often perceived accurately, at least when measured
through action-based tasks (Loomis & Knapp 2003; Durgin & Li 2011). One common approach
to improve distance perception in virtual reality (VR) allows participants to interact with the VE
while receiving visual feedback of their movements (Kelly et al. 2013; Kelly et al. 2014; Mohler
et al. 2006; Richardson & Waller 2005, 2007; Waller & Richardson 2008). A study of Waller &
Richardson (2008) showed that distance judgments in a VE were unaffected by interactions in
which participants viewed only a simulation of visual walking (i.e., optic flow only). Thereby,
physical walking was found to be necessary to elicit an increase in post-interaction distance
judgments and simulated visual walking without concomitant physical walking was found to
be insufficient. Moreover, Kelly et al. (2013) found that distance judgments increased after a
walking interaction in the VE, while interacting with the VE by reaching did not influence
subsequent distance judgments. This suggests that not all body-based interactions are
sufficient to cause an increase in distance judgments.

As a matter of fact, research on action modulation effects in real-world environments has
shown that the type of action to be planned biases visual search toward important action-
related features, facilitating their perception to execute a more accurate subsequent
movement (Wykowska et al. 2009). In the studies by Wykowska et al. (2009, 2011), the
preparation of a grasping movement towards two-dimensional (2D) targets presented on a
frontal screen facilitated the detection of a size-related parameters, and the preparation of a
pointing movement facilitated the detection of a location-related parameters. In fact, size-
related parameters are fundamental to prepare the grip aperture for a grasping movement
(Wykowska et al. 2009) and location-related parameters, as luminance, are fundamental to
prepare a pointing movement (Anderson & Yamagishi 2000; Graves 1996). Likewise, Gutteling
et al. (2011) found that preparing for a grasping action increases the detection of object

orientation change, relative to the preparation of a pointing action for which orientation is an
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irrelevant parameter. From these studies, it seems that the perception of object’s features,
such as size, can be facilitated only when the planned action requires the elaboration of those
properties.

Similarly, preparing and performing different actions leads to distinct patterns of fixations on
the object. Forinstance, when preparing a reaching action, the eyes perform a saccade toward
an area of interest and then fixate it constantly untilit is reached by the hand (Johansson et al.
2001). During a grasping movement, fixations firstfocus on the contact point for the index finger
and then move to the object's center of mass. In contrast, during a viewing task, fixations
simply fall on the object's center of gravity (Brouwer et al. 2009).

A significant number of studies on the action modulation effect in the real world focused on
the preparation phase of the movement (Deubel & Schneider 1996; Gutteling et al. 2011;
Hoffman & Subramaniam 1995; Neggers et al. 2007), while Bosco et al. (2017) found that also
after the execution of a grasping movement the perception of 2D object size was modulated,
revealing a tendency for the perceived sizes of objects to be scaled by the type of action.
Moreover, Bosco et al. (2017) found that grasping affected perceived size more than reaching,
again supporting the idea that not all body-based movements can elicit modifications on the
perceived size of an object in space. Furthermore, Sanz Diez et al. (2022) confirmed that the
execution of a grasping movement affects the perception of the size of a digitally displayed
object.

Finally, because of the size-distance variance hypothesis (Sedgwick 1986), which postulates
that perceived size and perceived distance are tightly coupled, walking-interaction and some
hand movements like grasping could be the most beneficial body-actions to perform to
enhance object size perception in VEs. However, no studies were performed to systematically
evaluate the influence of multiple actions on the possible facilitation of object size perception
in the virtual space.

Building on these findings, the current study aims to address this gap of knowledge by
conducting two experiments (Experiment 1 and 2) in which participants estimated the size of
an objectin a VE before and after interacting with it. We manipulated the interaction conditions
and registered participants’ size judgments, while also tracking their eye movements, to
investigate the effect of different actions, such as grasping and reaching, on object size
perception. Additionally, we manipulated the way to arrive at the target location by making

participants approach the target via teleportation (Experiment 1) and via walking simulation
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(Experiment 2) to assess the influence of different ways to reach target location in VR. First, we
hypothesized that after close interaction with the target, the accuracy of size estimations
would improve in both experiments across all conditions. Second, we hypothesized that
interacting with the object through a grasping movement would result in smaller size
estimation errors compared to the conditions where the object's size was irrelevant to the task
(reaching and no action). Additionally, we expected to observe different patterns of eye
movements on the target depending on the interaction condition. Finally, as an exploratory
guestion, we compared size estimation errors made after the interaction phase between
participants who were teleported (Experiment 1) and participants who attended the walking

simulation (Experiment 2).

5.2 METHODS

Experiment 1 & 2

5.2.1 Participants

Sixteen participants were recruited to participate in Experiment 1. One participant withdrew
from the experiment after experiencing simulator sickness. The final sample comprised fifteen
participants (Males=5, range=20-30 years; mean age=24.07 years). Data from one participant
were removed from all analyses due to significant deviations from the observed trends in the
sample, ensuring the dataset's integrity and consistency. Eleven participants had no
experience with VR, and five reported limited experience (once only). Twenty participants were
recruited to participate in Experiment 2. Three participants withdrew from the experiment after
experiencing simulator sickness during the training phase. Seventeen participants were tested
(Males=3, range=22-34 years; mean age=28.35 years), two participants were excluded from the
analysis because one reported to be influenced by motion sickness, one reported not having
understood the task at the end of the recording session. Five participants had no experience
with VR, seven reported experiences limited to one occasion only, and three reported a lot of
experience with VEs.

All participants were students or PhD students, were right-handed, had normal or corrected-
to-normal vision, normal colour vision and reported no neurological diseases. All participants
gave informed consent and were naive to the purpose of the experiment. Participants that took

part in Experiment 2 were compensated with 40$ AUD. The study procedures were approved
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by the Bioethics Committee of the University of Bologna (Exp. 1) and by the local Ethics
Committee of the Faculty of Psychology at Western Sydney University (Exp. 2) and were in

accordance with the Ethical standards of the 2013 Declaration of Helsinki.

5.2.2 Materials

In Experiment 1, the HTC Vive Pro headset was used to display the VE with a resolution of 1440
x 1600 pixels per eye, a refresh rate of 90 Hz and 110 degrees field of view. The Pupil Labs eye
tracker add-on (Pupil Labs GmbH, Berlin, using Pupil Capturev. 1.11-4) was used to record eye
movements at 90 Hz. In Experiment 2, the HTC Vive Pro Eye was used.

In both experiments, one of the HTC Vive controllers was held by participants with the left hand
and used to adjust the size of the comparison object during the size estimation phases. Two
HTC Vive Base Stations were used to track the location of the headset and the controller during
the experimentalrecordings. The VE was rendered with Unity game engine (Unity Technologies,
version 2020.3.23fl) using SteamVR (Valve corporation).

Participants were able to visualize a copy of their real right hand via the Vive Hand Tracking
software development kit (see Fig. 1). This kit provides first-person view hand recognition,
based on deep learning algorithms that detect twenty-one key points per hand. These points
are then rendered as spherical points in the VE, creating a virtual skeletal representation of the

detected hand that mimics the movements of the real one. (Figure 21).

Figure 21. Rendered virtual hand. 21 sphere points (blue spheres) represent the 21 key points
of the detected real hand.

5.2.2 Procedure

At the beginning of each experimental session, participants were asked to verbally report their
age and their experience with VR technology, then the experimenter gave instructions on the
use of the controller and of the experimental task procedure. Participants were requested to
perform the interaction and estimation phases promptly and accurately, and to maintain a
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standing position throughout the experiment, with the possibility of stretching with minor body
movements when needed. Before staring the experimental recording, they performed a training
block (half of an experimental block) to become familiar with the VE and to learn the task. At
the end of the recording session, each participant was asked to verbally report the strategy
used to estimate the size of the target by the questions detailed in Table 1. This was done to
gain insight into the cognitive processes underlying their task performance and to further
analyse the effectiveness of the experimental conditions in eliciting specific action-perception
interactions.

We used a within-subject design, where all participants performed all the experimental
conditions in four experimental blocks of forty-five trials each. Between each block,
participants had a break and could have a seat until the start of the next experimental block.

The entire experimental session including breaks and training phase lasted two hours.

Table 3. Questions of the informal interview administered directly after the experiment.

1) Which strategy did you use to give the estimation of target size? (Also: What were you thinking
when giving the estimation of the target size?)

2) Did you find any of the interaction conditions more difficult than the others when giving the
estimation of the target size?

a) If so: canyou put the interaction conditions in order of difficulty?

System calibrations

At the start of each block, we ran two system calibrations: the first calibration served to match
the height of the virtual targets and comparison objects with the participant’s eye’s height, the
second calibration was run by the Pupil Labs add-on eye tracker to correlate the eye position
with the gaze position in VR.

In Experiment 2, we also had to perform a third calibration to correct the distance of the virtual
hand from the participant’s body. Specifically, we noticed that the distance between the virtual
hand and the headset was wrongfully rendered, i.e., the more the hand was extended in space,
the more the distance representation was disproportionate. We therefore had to apply a
correction to the virtual hand-to-headset distance to match it with the correctly tracked
controller-to-headset distance, by performing a linear regression to estimate the best
correction factor (r-squared = 0.8). We suspect that the reason for this deviation is a lack of
adjustment of the hand tracking algorithm to the camera lenses of the Vive Pro Eye.
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5.2.3 Stimuli and task sequence

The experimental VE consisted of a corridor measuring 20 m (length) x 3 m (width) x 3 m (height).
Linear perspective cues were added through wall decorations and floor textures. The
experiment was structured in three phases: a size judgment task before the interaction with
the target (First Size Judgment), the interaction with the target (Interaction) and a size judgment
task after the interaction with the target (Second Size Judgment) (see Fig. 2). The target object
was a grey sphere with five possible diameters: (1) 65 mm, (2) 70 mm, (3) 75 mm, (4) 80 mm,
(5) 85 mm.

The interaction with the object consisted of three different experimental conditions: No Action,
Reaching and Grasping, as depicted in Figure 22 (middle panel). Specifically, in the No Action
condition, participants were instructed to not perform any movement and wait in front of the
target (3 seconds); in the Reaching condition, they were instructed to touch the centre of the
target with their right index finger and in the Grasping condition, they were instructed to grasp
the target by touching the upper and lower part of the object with their right index and thumb,
respectively. Auditory feedback was played any time the target was touched, and no haptic
feedback was provided.

In the size judgment phases (right and left panels of Fig. 2), participants adjusted the size of a
comparison object using a VR controller to match the target size by increasing, decreasing, or
confirming the presented size. The comparison object was also a grey sphere, with sizes set at
(a) 80%, (b) 100% or (c) 120% of the target size. Each combination of target size, comparison
object size and interaction condition was randomly presented once in each block. The target
and comparison objects were positioned on a virtual shelf at 0.5 m from the participant’s eyes
during the interaction and size judgment phases, respectively.

At the beginning of each trial, participants received text instructions describing the current
experimental condition. This information was presented on a blank screen. Subsequently, the
corridor was displayed together with a fixation point that appeared in front of the participant’s
eyes. Following the fixation point, the First Size Judgment phase started, and the target object
appeared on a shelf located 3 meters away. After the target presentation, the blank screen
reappeared, and the comparison object was then displayed on a shelf - identical to the target’s
shelf - in front of the participant for the first size judgment. Following this phase, participants
of Experiment 1 were automatically teleported in front of the target, i.e. they would

automatically jump at target location, while participants of Experiment 2 attended a linear self-
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motion simulation, which transported them to the target location at a velocity of 1.2 m/sec -
which is considered a normal walking speed (Mohamed, O. & Appling, H. 2020). At that stage,
participants from both experimental groups interacted with the object based on the trial
condition, guided by a text reminder. Upon successful interaction, the Second Size Judgment
started, and participants were automatically transported back at the beginning of the corridor
where they saw the target from far again, before expressing the second size estimation (same

procedure as the first one).

First Size Judgment Interaction Second Size Judgment
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Figure 22. Schematic (first row) and corresponding first-person view (second row) of task
sequence of Experiment 1 and 2. A) First Size Judgment phase. Target appears at 3 m distance

from the participant. B) First Size Judgment phase. Target disappears and comparison object
appears at 0.5 m distance from participant; the controller is used with the left hand to modify
the size of the comparison object to match it with the target one. C) Interaction phase.
Participant is teleported (Exp. 1) or passively moved (Exp. 2) to stand in front of the target and
performs one of the three experimental conditions. D) and E) Same procedure as A) and B) for
second size estimation. a) to e) represent corresponding first-person views of these phases.
The figure does not include the representation of the approach to the target.

5.2.4 Data analysis

Size Judgments
We calculated the estimated target size in the two size judgment tasks by subtracting the
actual target size from the estimated target size. We then evaluated the overall difference

between size judgments before and after the Interaction phase and tested the effect of the
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different interaction conditions on the size estimation error using linear mixed model (LMM)
analyses to account for both fixed and random effects. All the analyses were run using R (The
R Project for Statistical Computing, version 4.2.1) using the lmer function of the lmerTest
package which uses and implementation of Satterthwaite’s degrees of freedom method to
obtain p-values (Version 3.1-1; Kuznetsova et al., 2017). All models were fitted using the
restricted maximum likelihood (REML) method.

We excluded trials in which participants were too slow in response times during the estimation
phases. This was achieved by computing the mean duration of both the first and second size
judgments separately and then adding three standard deviations to establish the threshold for
acceptable response times. Subsequently, we excluded trials where participants pressed the
button to confirm the presented size of the comparison object by mistake, i.e. when the
number of frames of that trial was below 1. We also excluded trials in which participants were
too slow when performing the Interaction phase. This was achieved by computing the mean
duration of the Interaction phase and then adding two standard deviations to establish the
threshold for acceptable interaction times. Following these criteria, a total amount of 53 trials
were excluded.

To test our first hypothesis (H1), we built a LMM with Size Judgment Phase as categorical
independent variable to test the overall effect of the two size estimation phases on the
Estimation Error, including Participant and Experimental Block as random effects to account
for variability. The reference level of Size Judgment Phase variable was set to First Size
Judgment. The initial model was formulated as follows:

Estimation Error ~ Size Judgment Phase + (1|Participant) + (1|Experimental Block)

Subsequently, we incorporated to this model the variable Target Size, representing the
diameter of the target, and the variable Scale Factor, the percentage applied to the target size
to obtain the size of the comparison object, as fixed effects. We then performed an ANOVA test
to compare the initial model with the new incorporated one (Model 1, see equation below). The
AIC (Akaike Information Criterion) and BIC (Bayesian Information Criterion) values for Model 1
were lower than those of the initial model, indicating that the new model has a better fit to the
data. The chi-square test comparing the two models was highly significant (p<0.001),
suggesting that the additional parameters significantly improve the model fit. The final model

(Model 1) was:
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Model 1: Estimation Error ~ Size Judgment Phase + Target Size + Scale Factor
+ (1|Participant) + (1|Experimental Block)

To test our second hypothesis (H2), we built a similar LMM where we added Condition,
representing the interaction condition variables, as a categorical predictor with three levels:
Grasping, Reaching, and No Action. The reference level of the Condition variable was set to
Grasping while the reference level for Size Judgment Phase was set to the Second Size

Judgment. This model (Model 2) was formulated as follows:

Model 2: Estimation Error ~ Condition * Size Judgment Phase + Target Size

+ Scale Factor + (1|Participant) + (1|Experimental Block)

Results of all models are reported as estimated value, standard error, t-value, and p-value,
where statistical significance is indicated by p < 0.05.

After visually checking both Model 1 and 2 assumptions, outlier values were observed in the
residuals’ plots. Therefore, we calculated the mean and standard deviation of the absolute
error in the First and Second Size Judgments phases separately and the outliers were defined
as the values above the mean plus two standard deviations of the error values of each task
phase. These identified values were then excluded from the analysis to ensure that the
residuals’ plots of both models conformed to a normal distribution and display constant
variance.

To further investigate the effects of the interaction conditions on the Second Size Judgment
phase (H2), we computed the magnitude of the size estimation error by taking its absolute
value. Due to the non-normal distribution of the absolute error values, we applied the non-
parametric Wilcoxon signed-rank test for paired samples to assess for differences across
conditions. Specifically, we compared all absolute error values between each pair of
conditions and applied the Bonferroni correction to address the multiple comparisons,
resulting in a significance threshold of p < 0.0167. Results of this analysis are reported as
mean, standard deviation, median and p-value. We computed the same analysis to compare
the overall magnitude of the size estimation errorin the First and Second Size Judgment phases
(H1). Due to the presence of ties in the data, the employed Wilcoxon tests applied a continuity
correction. Therefore, the reported p-values are an approximation. Statistical significance is

indicated by p <0.05.

58



Reaction times

To explore in more detail the impact of different interaction conditions on the estimation
phases, we examined the reaction times associated with reporting the target’s size during the
First and Second Size Judgment phases in Experiment 1. Specifically, we measured the time
between the moment the comparison object was presented and the instant when either the
button to adjust the size or the button to confirm the presented size was pressed. Outlier trials
where participants were too slow during the Interaction phase or during the estimation phases,
were excluded from this analysis. This exclusion was based on the computation outlined in the
Size Judgments analysis section. After examining the distribution of reaction times during the
size judgment phases, we opted to utilize the non-parametric Friedman rank sum test which
handles the unbalanced number of observations per condition resulting from the exclusion of
outlier values. To apply the test, we calculated the mean values of the reaction time per
participant and per condition. To compare the overall reaction times between the First and
Second Size Judgments phases we ran a Wilcoxon signed rank test with continuity correction.

Results of this analysis are reported as mean, standard deviation, median and p-value.

Eye data

To determine if different patterns of eye movements were elicited depending on the interaction
condition, we analysed eye positions during the interaction phase of Experiment 1.

We extracted eye data registered with the Pupil Labs add-on for VR at 90Hz and merged them
with the Unity task data. We detected fixations by using a velocity-based algorithm (Salvucci &
Goldberg 2000; velocity-threshold identification [I-VT]), setting a gaze velocity threshold of 80°
per second and a minimum fixation duration of 100 ms (like in Gao et al. 2022), excluding
frames where the quality of the assessment for the eye image from the eye tracker was below
the recommended value (0.60) in the Pupil Labs documentation. Outlier trials where
participants were too slow during the Interaction phase or during the Size Judgment phases,
were excluded from this analysis. This exclusion was based on the computation outlined in the
Size Judgments analysis section.

We analysed the position of the detected fixations on the target during the Interaction phase
by computing their centroid position. Subsequently, we computed the following parameters:
the distance of the centroid of the initial fixation from the centre of the target and the distance
between the centroids of the first and second fixations on the target. Since all variables studied

were not normally distributed and since the number of observations per conditions was
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unbalanced - because of the different number of fixations detected per trial - we applied the
Friedman test to compare the effects of the different interaction conditions on the fixation
locations on the target. To apply the test, we calculated the mean values of the variables for
each participant and for each condition.

Additionally, we aimed to investigate whether different interaction conditions would also
influence participants' gaze behaviour when evaluating the target’s size. Therefore, we
performed the same analysis - as for the Interaction phase - for all fixation positions on the
comparison object during the estimation phases. Results of these analyses are reported as

mean, standard deviation, median and p-value.

5.3 RESULTS
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Figure 23. Distributions of the size estimation errors. Boxplots represent the distributions of
the errors made in the First (left boxplots) and Second (right boxplots) Size Judgment phases of
Experiment 1. Different colours represent the different interaction conditions performed by
participants. Positive values (above zero line) indicate overestimation of the target size;
negative values (below zero line) indicate underestimation of target size. Asterisks represent
significant differences (***p<0.001, *p<0.05).

In this study, the estimated target size was calculated for each participant that performed the
experiment. The overall estimation error in the Second Size Judgment phase was significantly

smaller than in the First Size Judgment phase (B = -1.498 mm, SE = 0.1321,t=-11.337, p <
60



0.001, see left and right box plots of Fig. 3), meaning that participants made smaller errors
during the Second Size Judgment phase. In the Second Judgment phase, the size estimation
error was significantly smaller after the No Action interaction phase compared to the size
estimation error after the Grasping interaction phase (B=-0.5232 mm, SE=0.2293, t=-2.282, p
=0.02254), whereas we found no significant differences between the size estimation error after
the Grasping and Reachinginteraction phases (p=0.15123), asitis shown in Figure 3 (right box
plots).

Additionally, the overall difference in the magnitude of the error between the First and the
Second Size Judgment phases was found to be significant (p < 0.001) with the First phase
showing a larger error (Mean = 5.4, Std = 4.1, Median = 5) compared to the Second one (Mean
= 3.8, Std = 3.2, Median = 3.5) suggesting that after the Interaction phase, participants were
more accurate in the size estimation. The difference in the magnitude of the error between the
interaction conditions in the Second Size Judgment phase was also found to be significant.
After applying the Bonferroni correction, we found a significant difference (p <0.0167) between
Grasping (Mean = 4.1, Std = 3.2, Median = 3.8) and No action (Mean = 3.4, Std = 3.1, Median =
3) and a significant difference (p < 0.0167) between Reaching (Mean = 3.9, Std = 3.1, Median =
3.5) and No action. No significant difference was found between Grasping and Reaching (p >

0.0167).

61



5.2.6 Reaction times

300

N
o
o

Frequency

100

0 2 4
Reaction Time (s)

Size Judgment Phase [ First  Second

Figure 24. Overlapping histograms of the reaction times of the First (purple histogram) and
Second (green histogram) Size Judgment Phases. The figure shows that participants were
significantly faster when reporting the size estimation in the Second Size Judgment phase.

We observed overall significantly (p < 0.001) faster reaction times in the Second Size Judgment
phase (Mean = 1.00 sec, Std = 0.55, Median = 0.83), compared to the First one (Mean = 1.11
sec, Std = 0.56, Median = 0.94), suggesting that participants were faster in their response after
the Interaction phase across all conditions. However, we did not find any significant difference

between conditions not in the First nor in the Second Size Judgment phases (p > 0.05).
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5.2.7 Fixation locations

Grasping No Action Reaching

HDR probabilities — 99% — 80% — 50% — 25%

Figure 25. HDRs of the first fixation made on target for each interaction condition. Each
circle represents the 2D view of the sphere-target. The represented diameter of the circles is
the average of all five possible diameter values (75 mm) so that the points outside the circles
representfixations on the larger sizes (80 mm and 85 mm). Lines outline differentregions which
represent different percentages (HDR probabilities) of the total probability distribution of the
first fixations made on the target.

The pattern of the initial fixation centroid positions during the Interaction phase is depicted in
Figure 25, revealing a consistent pattern within the central 50% of fixations across all
conditions.

The analysis of fixations patterns on the target during the Interaction phase did not show
significant differences between conditions. Specifically, the distance of the first fixation
centroids from the centre of the target did not show significant differences (p > 0.05), as well
as the distance between the first and the second fixations centroids.

The analysis of the eye positions on the comparison object during the estimation phases
revealed an overall significant difference between the First and Second Size Judgment phases
(p < 0.05), with the latter showing a shorter distance of the fixations from the centre of the
object (Mean =0.007, Std =0.006, Median =0.006), compared to the former one (Mean =0.008,
Std = 0.006, Median = 0.006). The Friedman test used to assess differences between
interaction conditions in eye pattern on the object during the First Size Judgment phase, did not
find a significant difference (p > 0.05), while the same test applied to the Second Size Judgment
found a significant difference between conditions (p < 0.05). To further analyse this result, we

performed the Wilcoxon signed-rank test for paired samples on the means calculated per

63



participant and per condition. However, no significant pairwise differences were observed (p >

0.05), possibly due to the lower statistical power inherent in analysing the calculated means.

5.2.7 Informal debriefing interview

The results of the informalinterview administered immediately after the experiment (see Table
1) are summarized in Table 2 and 3 (below). The most frequent strategy reported by participants
was trying to recollect the target’s image when adjusting the size of the comparison object
during the Second Size Judgment phase (Table 2).

Interestingly, when participants were asked to rate the difficulty of the interaction conditions
(Table 3) some participants did not report any noticeable distinctions between conditions,
while the majority reported Reaching as the most difficult condition. Conversely, No Action

was identified as the easiest condition.

Table 4. Reported strategies for estimating target size. The table represents the number and
the percentage of participants per reported strategy. Most participants recollected the target’s
image, while others combined recollecting the target’s image with using the environment
spatial relationships, and one used other object in the environment as reference.

Number of
Strategy Used Percentage
participants
Target’s image recollection 9 60%
Combing target’s image recollection and 5 33.33%

spatial relationships
Using only other objects as reference 1 6.67%

Total 15 100%

Table 5. Summary of participants’ ratings of interaction conditions. The table details the
number of participants for each rating. Most participants reported that the Reaching condition
was the most difficult to perform, while the No Action condition was the easiest.

Interaction Condition Most Difficult Easiest
Reaching 4 2

No Action 3 6
Grasping 3 2

No noticeable distinctions 5 5

Total 15 15
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Figure 26. Distributions of the size estimation errors. Boxplots represent the distributions of
the errors made in the First (left boxplots) and Second (right boxplots) Size Judgment phases of
Experiment 2. Different colours represent the different interaction conditions performed by
participants. Positive values (above zero line) indicate overestimation of the target size;

negative values (below zero line) indicate underestimation of target size. Asterisks represent
significant differences (***p<0.001, **p<0.01).

Similarly to Experiment 1, the overall difference in the magnitude of the error between the First
and the Second Size Judgment phases was found to be significant (p < 0.001) with the First
phase showing larger errors (Mean = 6.3, Std = 5.1, Median = 5.5) compared to the Second one
(Mean = 5.1, Std = 4.3, Median = 4.5), suggesting improved accuracy in the estimation of the
target size after the Interaction phase. On the contrary, the difference in the raw value of the
estimation error during the judgment phases did not reach significance (p = 0.0911).

In the Second Judgment phase, the raw estimation error was significantly smaller after the No
Action interaction phase compared to the size estimation error after the Grasping interaction
phase (B=-0.71753 mm, SE= 0.25721, t=-2.790, p = 0.0053), whereas we found no significant
differences between the size estimation error after the Grasping and Reaching interaction
phases (p = 0.4606), as it is shown in Figure 6 (right box plots).

Onthe contrary, the difference in the magnitude of the error between the interaction conditions

in the Second Size Judgment phase was found to be significant (p < 0.05) between Grasping
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(Mean = 4.5, Std = 3.2, Median = 4.5) and No Action (Mean = 4.2, Std = 3.3, Median = 3.9), but

the observed difference did not remain significant after the Bonferroni correction.

5.2.9 Informal debriefing interview

The results of the informalinterview administered immediately after the experiment (see Table
1) are summarized in Table 4 and 5 (below). Most of participants reported relying on
recollecting the target image while adjusting the size of the comparison object during the
Second Size Judgment phase. When participants were asked to rate the difficulty of the
interaction condition, the majority reported No Action as the most difficult condition.

Conversely, Grasping was identified as the easiest condition.

Table 4. Reported strategies for estimating target size. The table represents the number and
the percentage of participants per reported strategy. Most participants recollected the target’s
image, while others combined recollecting the target’s image with using the environment
spatial relationships, two relied on the virtual fingers grip aperture during grasping, and one
used other objects in the environment as reference.

Number of
Strategy Used e T Percentage
Target’s image recollection 9 60%
Combing target’s image recollection 3 20%
and spatial relationships
Using virtual fingers grip aperture 2 13.33%
Using only other objects as reference 1 6.67%
Total 15 100%

Table 5. Summary of participants’ ratings of interaction conditions. The table details the
number of participants for each rating. Most participants reported that the No Action condition
was the most difficult to perform, while the Grasping condition was the easiest.

Interaction Condition Most Difficult Easiest
Reaching 4 7
No Action 7 6
Grasping 2 0
No noticeable distinctions 2 2
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Experiment 1 and Experiment 2

5.2.8 Comparison between Size Judgments
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Figure 27. Distributions of the absolute size estimation errors of the two experiments.
Boxplots represent the distributions of the errors made during in the Second Size Judgment
phase in Experiment 1 (left boxplot) and Experiment 2 (right boxplot). Asterisks represent
significant difference (***p<0.001).

We performed a comparison analysis between the two experiments to assess the difference in
estimation errors, resulting from different means to arrive at the target location. In Experiment
1, participants arrived at target location via teleportation, while in Experiment 2, participants
attended a walking simulation.

Therefore, we applied a Welch Two Sample t-test to compare the overall raw errors of the
Second Size Judgment phase of the two experiments. We found an overall significant lower
error value (p < 0.001) for Experiment 1 (Mean = 0.03, Std = 4.96) compared to Experiment 2
(Mean = 1.41, Std = 5.31), as well as between each interaction condition of the two
experiments.

Subsequently, we performed the Mann Whitney U test to compare the absolute errors of the
Second Size Judgment phase and we found a significant difference (p < 0.001), with Experiment
1 showing a significant smaller error (Mean = 3.81 mm, Std = 3.17) compared to Experiment 2
(Mean = 4.40, Std = 3.29), as well as between each interaction condition across the two
experiments. The distributions of the magnitude of the errors in both experiments are
represented in Figure 27.

Finally, we compared the absolute errors of the First Size Judgment phase of the two
experiments. This analysis aimed to assess the possible effect of the different approaches to
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arrive at the target location on the overall task difficulty. Therefore, we again applied the Mann
Whitney U test and found no significant difference (p = 0.3376) between the two groups in the
magnitude of the error in the First Size Judgment phase, suggesting that the different means to

arrive at the target location did not affect differently the overall difficulty of the task.

5.4 DISCUSSION

In the current study, we found that different types of interactions can lead to different effects
on the perception of the size of an object in VR. This was observed using a size judgment task
where participants estimated the size of a target before and after interacting with it, alongside
with approaching the target via teleportation (Experiment 1) or via walking simulation
(Experiment 2).

Overall, size estimations after the Interaction phase showed significantly more accurate and
faster responses compared to the estimations given before the interaction with the target,
conform to our first hypothesis (H1) in both experiments. This improvement can be attributed
to the interaction with the target, where participants viewed the object up close, potentially
allowing them to adjust their first response in the Second Size Judgment phase. This way, our
manipulation may have introduced a perceptual bias, leading participants to systematically
recalibrate their first response after the Interaction phase. As a result, the observed overall
improvement may be due to a general test-retest effect rather than an actual enhancementin
perceptual accuracy.

However, contrary to our second hypothesis (H2), it is not Grasping that leads to significantly
smaller errors compared to the other two interaction conditions in the Second Size Judgment
phase. Participants were significantly more accurate in reporting the target size after the No
Action condition compared to the Grasping one. This suggest that participants made
significantly better estimations when they did not have to perform any hand movement on the
target in both experiments.

These results are not consistent with real world studies where the preparation of a grasping
movement can facilitate the perception of the size of an object (Wykowska et al. 2009), improve
the detection of deviations in object size (Fagioli et al. 2007), or scale size perception by using
hands’ grasping abilities as perceptual rulers (Linkenauger et al. 2011). Here, it seems that
participants were not relying on the hand’s presence at all; as a matter of fact, only two

participants explicitly reported to have used the virtual hand grip aperture during the grasping
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movement as a reference when giving the size estimation in Experiment 1. Additionally, the
analysis of the fixation patterns on the target during the Interaction phase of Experiment 1
revealed different results compared to real-world studies. It is known that the pattern of
fixation locations on a 2D object varies between viewing and grasping tasks. During grasping
movements, there is a tendency for gaze to shift towards the index finger contact point on the
object, following a fixation on the centre of gravity. In contrast, during viewings tasks, all
fixations tend to fall closer to the object’s centre of gravity (Brouwer et al. 2009). Our findings
indicate no significant differences in the distance between the first and second fixations, nor
in the distance between first fixation and the centre of the target across all conditions. This
suggests that, during Grasping, there was likely no gaze shift towards the upper part of the
object, which participants aimed with their index finger. Furthermore, we did not find
significantly different effects between the interaction conditions on the fixation locations on
the comparison objectin both estimation phases (First and Second), indicating that neither the
preparation nor the execution of different interactions influenced the way participants looked
at the comparison object. Nevertheless, participants looked significantly closer to the centre
of the comparison object after interacting with it (Second Size Judgment phase). Therefore, it
seems participants were not looking at the target any differently than they were looking at the
comparison object. One possible explanation is that the VR environment may not evoke the
same depth cues and tactile feedback present in real-world interactions, which are critical for
the perceptual-motor coordination seen in natural grasping tasks. In VR, the absence of haptic
feedback and the reliance on visual cues alone may cause participants to rely on a more
generalized viewing strategy, focusing on the object's center rather than specific contact
points. This could indicate that, in VR, participants’ fixations are less influenced by their
interaction intentions (such as grasping or reaching), leading them to treat the target and
comparison objects similarly in terms of gaze distribution. This reliance on centralized fixation
might also reflect a compensatory strategy to enhance size perception in the absence of
detailed tactile and proprioceptive information, highlighting a perceptual adjustment unique
to virtual environments.

The fact that participants were not looking at the target any differently than they were looking
at the comparison object can also be partially explained by the informal verbal debriefing
conducted at the end of the experiment. Participants were asked to explicitly report the

strategy used to judge the size of the target during the estimation phases. The most frequently

69



reported strategy by both groups of participants was the recollection of the target image. This
implies that, participants tried to memorize the visual representation of the target during the
Interaction phase. Therefore, the presence of the hand during Grasping, might have
functioned, not as facilitator, but rather as an element of interference during the memorization
process, thus leading to a less accurate estimation of the target size. This aspect could be
connected to the observation that most of participants tended to eventually close their index
and thumb fingers more than the real dimension of the target when grasping it, as also
observed in a study of Chessa and colleagues (2019), where participants grasped objects with
a virtual hand. Hence, the smaller improvement in estimating the size of the target after the
Grasping interaction could be ascribed to the absence of tactile feedback, as also pointed out
in Bosco and colleagues (2017), where it was found that grasping 2D objects modulated the
perception of their size, but not resulting in increased accuracy.

Remarkably, when participants were also asked to rate the difficulty of the conditions, the
majority reported No Action as the most difficult, and Grasping as the easiest only in
Experiment 2. When participants were further prompted to explain why Grasping was
perceived as the easiest condition, they reported that the presence of the hand was helpful
during the Interaction phase, even if they did not initially mention it, in response to the first
structured question asked. This result may indicate that participants recognized that the grip
aperture of the hand during the grasping action could have been informative on the target size,
only when explicitly prompted to logically think about their answers. This finding is in line with
the importance of the demand characteristics of the task and the influence of the context of it,
as illustrated in the study of Collier et al. (2017). In fact, the authors demonstrated how the
scaling effect found in a study of Linkenauger and colleagues (2011), where participants
estimated objects as smaller depending on the intended hand to use for grasping them
(predominant vs. non-predominant), likely occurred because an explicit connection between
judging the graspability of the object and judging its size was provided. Therefore, since in our
experiment no explicitinformation about the connection between grasping and the facilitation
of the object’s size perception was given prior the experiment execution, participants may not
have relied on the additional information that the use of the virtual hand during grasping could
have potentially provided during the Interaction phase. On the other hand, most participants

that took part in Experiment 1 did not report differences in the interaction conditions difficulty,
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but the No Action phase was reported as the most helpful one to perform when evaluating the
target’s size.

Finally, the comparison between the two experiments of this study indicates that the different
means to arrive at the target location to interact with it, influenced the accuracy of the
estimation of the target size. As a matter of fact, participants that were teleported in
Experiment 1 were significantly more accurate in reporting the target’s size after the Interaction
phase than participants that attended the self-motion simulation in Experiments 2. This
observation suggests that approaching the target via walking simulation led participants to be
significantly less accurate after the Interaction phase. This finding is consistent with existing
literature on the impact of optic flow stimulation on distance perception within VEs. Notably,
prior research has demonstrated that the improvement in distance perception only comes
from a real walking action, rather than a simulated one (Waller & Richardson 2008).
Furthermore, our study reveals that optic flow stimulation had a negative effect on participants'
perception of target size compared to teleportation (without optic flow stimulation). This result
could potentially be attributed to the presence of unreported subtle motion sickness
symptoms during the self-motion simulation. In VR, the lack of congruent sensory information
between optic flow and the vestibular and proprioceptive feedback can lead to disorientation,
which may interfere with spatial accuracy. In fact, the optic flow simulation used in Experiment
2 resembles joystick navigation in VR—a method known to potentially compromise the VR
experience compared to the more traditional teleportation technique (Coomer et al., 2018). By
contrast, teleportation by eliminating continuous optic flow and minimizing these sensory
conflicts, potentially allowed participants to focus on the size estimation task without

interference from virtual self-motion.

5.5 CONCLUSIONS

Ourfindings indicate that overall approaching and interacting with a targetin VR, leads to faster
responses and better estimations of its size. But more interestingly, we found that performing
a grasping movement towards the object does not lead to significantly more improvement
compared to a reaching action or a condition where no hand movementis required. Moreover,
we observed a deviation from the typicalfixation patterns associated with grasping movements
in real-world studies, suggesting that, at leastin this context when relying only on visualinputs,

the grasping action elicited different perceptual processes compared to real-world scenarios.
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Notably, different kinematic aspects of reach-to-grasp movements, such as longer movement
times and larger maximum grip aperture, have already been found in VR (ltaguchi et al. 2021).
Therefore, it would be worth exploring how grasping movement characteristics could also
influence the perception of objects in our VR experiment. Finally, we observed how
approaching the target via walking simulation led to significantly larger errors in the estimation
of the target size, compared to teleportation, which is the most used way to navigate in VR.
Considering this, it would be interesting to investigate whether approaching the targetvia areal
walking action would improve the estimation of size more than teleportation.

These investigations hold the potential to deepen our understanding of the intricate
relationship between action dynamics and perceptual outcomesin VEs. Forinstance, VR could
be used to desigh new rehabilitation techniques that support individuals with visuomotor
impairments by simulating different types of interactions and movements that enhance
perceptual accuracy and motor skills. As a matter of fact, the use of VR technology potentially
enhances the degree of the patient engagement in therapy to limit boredom, fatigue, lack of
enthusiasm, and lack of cooperation, which may negatively affect motor recovery (Tinson et al.
1989). Understanding the specific factors that influence perception and action in VR will be
crucialfor creating effective therapeutic interventions and improving the overall efficacy of VR-

based rehabilitation programs.

6. GENERAL DISCUSSION

The studies conducted in this thesis aimed to contribute to a deeper understanding of
sensorimotor integration in both real and virtual environments.

In particular, the first study focused on characterizing the kinematics of reaching movements
in a patient with a bilateral occipitoparietal damage. To this aim, a decoding approach was
used to distinguish between the patient’s movements and those of a group of healthy
participants. The study found that the posterior parietal cortex plays a crucial role in encoding
reaching movements within three-dimensional space. Specifically, damage to this area
affected the ability of the patient to accurately perform movements along both the horizontal
and sagittal axes, especially when the target displayed during the task was positioned at the
periphery of the field of view (i.e. in the non-foveated condition), consistent with the literature

on optic ataxia (Perenin & Vighetto, 1988).
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These findings underscore the critical role of the posterior parietal cortex in sensorimotor
integration and highlight the potential of hovel decoding methods to identify and characterize
visuomotor impairments based on the analysis of motor trajectories. In fact, in the specific
case of optic ataxia, literature on its rehabilitation is sparse, probably because it is a rare and
thus less adequately studied deficit (Jacob et al., 2002).

In contrast, the rehabilitation of reaching movements has been more extensively studied in
patients with hemiparesis. In these cases, examining spontaneous compensatory strategies
has resulted in effective therapies. For instance, therapies may involve restraining trunk
movements if the patient uses them to compensate for upper limb deficits (Thielman et al.,
2008). Moreover, motor and sensory deficits can be attenuated by experience-dependent
plasticity in the central nervous system, which can be induced through repetitive motor training
(Michaelsen et al., 2006; Teasell et al., 2006).

However, the effect of mere movement repetition, as well as the evolution of spontaneous
compensation strategies, has been scarcely studied in the field of optic ataxia. Interestingly, a
single case study of Baumard et al. (2019) described a patient suffering from optic ataxia who
benefited from a single training session consisting of repetitive reaching movements (see
Figure 27). This finding may encourage therapists to propose intensive training sessions
instead of short treatment sessions several days apart. In terms of strategies, restoring
automatic object-hand automatization through repetitive training may be a relevant
therapeutic goal in the treatment of optic ataxia.

These insights emphasize the importance of further research into the neural mechanisms and
kinematic characteristics underlying these impairments, providing a foundation for restoring

and support sensorimotor abilities with different techniques.
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Figure 27. Effect of repetitive training on a patient with optic ataxia. Different testing
sessions performed with the affected right hand in the central visual field. Test 1 consisted in
reaching a cube undervisualcontrol. Test4 consisted inreaching different objects under visual
control. “+”: mean reaching time with four alternative objects. Test 4 was proposed again on
June 3" to verify whether improvement was sustainable. “A”: mean reaching time in Test 4,
using the left hand as a point of comparison. The horizontal dotted line corresponds to the
mean reaching time of one healthy 70-year-old man in Test 4. (modified from Baumard et al.,
2019)

To support the possibility to use new contexts to rehabilitate visuomotor disorders, the second
study of this thesis aimed to investigate sensorimotor integration from a different perspective
by exploring the effects of various interactions on object perception in virtual reality.

Given that previous research indicates perception in virtual environments is often less
accurate than in physical environments, this study aimed to systematically evaluate how
different types of interactions, such as simulated walking, reaching, and grasping, can improve
the perception of objects in virtual spaces. This approach not only broadens the scope of
sensorimotor integration research but also addresses a gap in knowledge concerning the
effects of multiple interactions on perception in virtual environments.

Contrary to our hypothesis, we found that the most beneficial interaction condition for
improving the perception of an object's size in virtual reality was observation. Moreover, we
found that approaching the object via teleportation induced more beneficial effects on
perception compared to approaching the target via self-motion simulation. These findings
suggest that, at least in the proposed virtual reality context where participants relied solely on
visual inputs, action and perception interact differently to what is expected in the real world.
This is particularly relevant in the context of studying sensorimotor integration in virtual reality
and possibly using this technology to rehabilitate and support patients with visuomotor
impairments. For instance, reach-to-grasp movements are a standard of virtual environments
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based upper-extremity neurorehabilitation (Merians et al., 2019). However, since tactile
feedback cannot be provided due to the cost and limitations of wearable haptic devices, it is
stillunclear to what extent movements produced in virtual reality resemble those produced in
the physical space (Furmanek et al.,, 2019). Nevertheless, virtual reality provides the
opportunity for adaptive and progressive motor learning through perceptual modifications
such as activity and workplace scaling, and error augmentation, resulting in greater dosage,
intensity and engagement in training (Adamovich et al., 2009; Pallesen et al., 2018). By
enhancingthe degree of interaction between the patient and the therapy virtual reality can limit
boredom, fatigue, lack of enthusiasm, and lack of cooperation, which may negatively affect
motor recovery (Tinson et al., 1989).

As previously mentioned, the repetition of motor actions has been already used to rehabilitate
visuomotor deficits, such as in the optic ataxia case described by Baumard et al. (2020). This
type of training can be easily incorporated into virtual reality environments to make
rehabilitation more engaging. The advantage of this approach is that training tasks can be
individualized to the motor abilities and preferences of the learner, as well as to the therapeutic
goal (Knaut et al., 2009).

The integration of findings from the studies presented in this thesis provides further
understanding of sensorimotor integration. By examining the effects of neurological
impairments on movement trajectories and the influence of different actions on perception in
virtual reality, this thesis offers valuable insights into the mechanisms of sensorimotor

processing and their implications for clinical rehabilitation and virtual reality use.
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