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« C’est dans 1’¢tude approfondie des détails que 1I’on surprend les secrets de la nature,

et c’est a ceux qui ont le courage de tout entreprendre qu’il est permis de croire

que I’on peut tout expliquer. »

Félix Vicq d’Azyr
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ABSTRACT (ENGLISH)

“I think I heard a child screaming in this room full of smoke! Or, maybe, could it be a piece of metal
that fell on the ground? No, | heard it again. | am sure now. It is a child and it comes from 20 meters
ahead, slightly on the left. Call for backup I will enter first!”

Mapping the auditory space requires paying attention to several auditory cues as the ones illustrated in
the example above: identity, location and direction of sounds. In the absence of visual information, it
will be even more important to rely on these cues to be able to navigate properly. The visual input can
be reduced following visual loss or decrease of conscious visual perception, a condition called unilateral
spatial neglect; or in particular conditions such as in the example above, when firefighters have to rescue
a child from a house full of smoke. When the visual input is reduced, the other sensory modalities will
have to adjust their responses in order to maintain an adaptative behavior. The neuroplasticity induced
by the modulation of a sensory modality on another sensory modality is referred as cross-modal
plasticity.

This thesis is composed of two major parts and includes five studies. The first part, involving two
studies, is dedicated to the investigation of the neural substrates of sound lateralization and auditory
neglect in patients with brain lesions. The second part, involving three studies, is dedicated to the
investigation of cross-modal plasticity and focuses on prism adaptation.

Two studies investigated auditory spatial deficits using an anatomo-clinical imaging approach on
patients with a first unilateral stroke. Results showed that contralateral auditory extinction was
associated with similar temporo-parieto-frontal regions on either hemisphere; that ipsilateral auditory
extinction in patients with left hemispheric damage was associated with lesions involving
intrahemispheric white matter connections; and that auditory sound segregation deficits linked to the
inability to correctly use implicit spatial cues were predominantly induced by lesions including a large
left temporo-parietal network. Three studies investigated the plasticity in sound localization induced by
prism adaptation, a visuo-motor training used in the rehabilitation of neglect deficits. Two of them
focused on the neural correlates modulated by prism adaptation during visual and auditory detection
tasks. The last study investigated the effect of this adaptation on the alleviation of auditory spatial
deficits occurring after a brain lesion. The results of these studies showed that the inferior parietal lobule
is similarly modulated by the adaptation during a visual or auditory task, suggesting a supramodal role
of this region. Moreover, the results of these studies allowed specifying for which patients this
adaptation is efficient to alleviate auditory spatial deficits.

Overall, these studies contributed to a better understanding of the nature of auditory spatial deficits in
patients with brain damages. They showed the intrinsic ability of the healthy and damaged adult brain
to adapt and improve. These findings illustrate how we can use the visual modality to help recover
auditory spatial deficits. These results could potentially allow the development of new
neurorehabilitation strategies.

Key-words: Sound localization, cross-modal plasticity, unilateral spatial neglect, IRMf, VLSM
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RESUME (FRENCH)

“Je crois que j’ai entendu un cri d’enfant provenant de cette piéce pleine de fumée! Ou bien était-ce un
objet en métal tombé sur le sol? Non, je I’ai entendu a nouveau. J’en suis siir maintenant. C’est un enfant
et ca vient de 20 metres devant, 1égérement sur la gauche. Appelle du renfort, je rentre en premier. ”

Pour se représenter 1’espace auditif, il faut tenir compte de nombreux indices tels que ceux illustrés dans
I’exemple précédent : I’identité d’un son, sa localisation dans 1’espace et son mouvement. En 1’absence
d’information visuelle, ces indices sont encore plus importants pour pouvoir s’orienter correctement.
L’information visuelle peut se retrouver réduite pour plusieurs raisons : suite a une perte de la capacité
visuelle, suite & une diminution de la conscience de 1’espace visuel liée a un syndrome que 1’on nomme
héminégligence, ou dans des conditions particuliéres comme celle de I’exemple cité au début : lorsque
des sapeurs-pompiers doivent sauver un enfant pris au piége dans une maison pleine de fumée. Lorsque
I’information visuelle est réduite, les autres modalités sensorielles doivent s’ajuster afin que 1’individu
puisse conserver un comportement adaptatif. Cette neuroplasticité induite par la modulation d’un sens
en réponse & un autre sens, s’appelle plasticité cross-modale.

Cette thése s’articule autour de deux axes principaux et inclut cing études. Le premier axe est dédié a
I’étude des corrélats anatomiques des déficits spatiaux auditifs et comporte deux études focalisées sur
les déficits spatiaux auditifs de patients cérébroléses. Le deuxieme axe est dédié a 1’étude de la plasticité
cross-modale et comporte trois études focalisant sur I’adaptation prismatique.

Les deux premieres recherches ont permis d’étudier les déficits spatiaux auditifs en utilisant une
méthode d’analyse permettant les corrélations anatomo-cliniques. Les résultats ont démontré que
I’extinction auditive contralatérale est provoquée par des lésions dans des régions temporo-fronto-
pariétales similaires de chaque hémisphere ; que I’extinction auditive ipsilatérale a la suite de 1ésions
impliquant I’hémisphére gauche pouvait étre liée a des déconnections calleuses intra-hémisphériques ;
et que les déficits de ségrégation liés a I’incapacité d’utiliser les indices spatiaux implicites étaient
provoqués principalement par des Iésions situées au sein d’un large réseau temporo-pariétal dans
I’hémisphére gauche. Les trois études suivantes ont permis d’étudier la plasticité induite par 1’adaptation
prismatique, un protocole de réhabilitation utilisé pour diminuer les déficits spatiaux des patients
héminégligents. Ces études ont permis de confirmer le rdle supramodal du lobule pariétal inférieur, qui
est modulé de fagon similaire par I’adaptation dans chacune des modalités sensorielles (vision, audition);
et de préciser pour quels patients cette adaptation est utile pour diminuer les déficits spatiaux auditifs.

En résumé, ces études ont contribué a une meilleure compréhension de la nature des déficits spatiaux
auditifs que les patients peuvent présenter suite a une Iésion cérébrale. Elles ont également permis de
dévoiler la capacité du cerveau adulte sain ou cérébrolésé a s’adapter et ont aussi démontré que 1’on peut
utiliser la vision pour aider la réhabilitation des déficits spatiaux auditifs. Ces résultats pourraient
potentiellement permettre le développement de nouvelles stratégies thérapeutiques en
neuroréhabilitation.

Mots-clefs: Localisation auditive, plasticité cross-modale, héminégligence, neuroimagerie
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CHAPTER1 INTRODUCTION

Processing of auditory spatial representations is done hierarchically beginning with the computation of
monaural and binaural spatial cues by the cochlea and brainstem, then the processing of unimodal spatial
inputs and finally the cross-modal integration in multimodal brain regions. Final objectives are to give
to the individual the ability to be entirely oriented in his environment, to navigate properly and to be
able to physically interact with it. To be completely adapted with this multisensory environment, the
brain needs to constantly learn how to adapt — i.e. recalibrate — its responses. This intrinsic ability of
the brain to learn and adjust in relation to the changing environment is coined as neuroplasticity. The
objects that we find in our environment, even auditory objects, elicit multiple sensory representations.
For example, the sound of a phone ringing elicits semantic representations, motor representations and
visual representations. If the capacity of the nervous system to integrate all this information is altered
following the loss or reduction of a sense, it will give to the brain a conflicting information. Cross-
modal recalibration would then take place in order to allow the restoration of functional auditory

spatial representations.

The aims of the present thesis were to investigate changes of auditory spatial representations induced
by the modulation of visual inputs and to understand if these interventions could be useful means for the
alleviation of auditory spatial deficits following brain lesions. In order to achieve these goals, the work
of the present thesis was divided around two main axes. The first axis was dedicated to the study of
auditory spatial deficits and their neural substrate in patients following a first unilateral stroke. These
deficits were investigated using an anatomo-clinical approach in two studies, one focusing on auditory
extinction (Tissieres et al., In Revision) and the other focusing on the use of implicit spatial cues for
sound object segregation (Tissieres et al., In Preparation). The second axis was dedicated to the study
of the auditory space modulation by interventions targeting visual capacities. This axis was explored in
three studies focusing on prism adaptation in healthy participants using fMRI (Crottaz-Herbette et al.,

2017; Tissieres et al., 2017b) and in patients using anatomo-clinical correlations (Tissieres et al., 2017a).
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This introduction will start with a review of the mechanisms and neural underpinnings of human
auditory spatial processing. Then, a second part will explain and define the main auditory spatial deficits
occurring following a brain lesion. The following parts will be dedicated to the definition of the cross-
modal recalibration and more precisely, of two specific situations in which auditory spatial processing
is modulated by interventions on the visual modality: following prism adaptation and following visual

deprivation.

1.1 Human auditory spatial representations

1.1.1 Auditory spatial processing

To localize sound sources, humans mostly use monaural spectral and binaural disparity cues. Binaural
cues are used principally for localization in the horizontal plane (azimuth) and are obtained because of
the geometry of the head and of the external ears (Fig.1A & B). Sound waves coming from a specific
source lead to two types of disparities when arriving at the two ears: the interaural time difference (ITD)
and the interaural intensity difference (1ID) (Blauert, 1997; Grothe et al., 2010). An interaural time
difference means that sounds arriving from the left side will reach the left ear first and vice-versa for
sounds arriving from the right side. The difference in time of sound arrival at each ear will allow
determining the angle of the sound source. For low frequency sounds, the auditory system evaluates
ITD from phase delays, while for high frequency sounds it does it through group delays. ITDs variations
with frequency - they become smaller at high frequency - are due to the frequency dispersion of the
diffracted waves. To know the sound source using ITDs one must know the spectral content of the
sound. About the other binaural cue, the magnitude of I11Ds is dependent of the wavelength of the sound.
With a low-frequency sound the 11Ds will be very small, above 3 kHz 11Ds will become larger and then
reliable. The physicist Lord Rayleigh (1907) discovered that ITDs are mostly used to determine the
location of low-frequency tones and 11Ds to high-frequency tones: this is called the “duplex theory”. In
the studies of the present thesis, the sounds used for the auditory spatial tasks are complex tones
(environmental sound objects and broadband noises) created with ITDs. Complex tones are random and

therefore do not imply the same difficulties for sound localization than pure tones (Blauert, 1997).
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Figure 1. Human spatial cues. In (A.) are represented the binaural disparity cues used for sound localization in
the azimuth: interaural time differences (AT) and interaural intensity differences (AI). In (B.) are represented the
angle values in the azimuth: 0° corresponding to the median plane, negative values to the left of the median plane
and positive values to the right of the median plane.

Longer distance

The region of space in which we have the greatest spatial acuity is around the midline (i.e. in front).
There, humans can detect changes in the sound location as little as 1°, which corresponds to an ITD of
10to 15 ps oran 11D of 0.5 to 0.8 dB, depending on the frequency of the sound. Monaural cues used for
sound localization are produced by the pinna, which modulates the spectral shape of acoustic signals
before they reach the tympani. Furthermore, at some locations along the interaural axis (Fig. 1C.),
sounds will have similar binaural disparity cues (ITDs and 11Ds) and this will induce localization errors,
the so-called “cone of confusion”. These localization errors can be reduced using monaural spectral
cues through head movements. Finally, the properties of a sound will have an impact on its localization.
Results on the effect of the complexity of a sound on human auditory localization performances are
scarce, however one study has demonstrated that humans are more precise for broadband noises than
for narrowband noises indicating that greater neuronal recruitment will help further with sound

localization (Middlebrooks, 1992).

Binaural processing is also required for sound segregation (Blauert, 1997). Sound segregation refers to
the ability to extract one sound from the surrounding noise. It is also known as the ‘Cocktail party effect’.
In presence of a continuous sound stream, some characteristics of the sounds will allow grouping
elements of the sounds in time and frequency as pertaining to the same source (an auditory stream or
object) and allow also segregating the sounds in different units when they belong to different sources.

Hearing in a context of multiple sound sources is referred as ‘ Auditory scene analysis’ (Bregman, 1990).
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Thresholds for signal detection are measured, either in free-field or with headphones, when signal and
mask are spatially separated from various distances. The variable of interest is the level of unmasking,
i.e. the increase in performance linked to an increased distance between the sounds. This contribution
of spatial cues to sound object segregation is implicit and can be measured with the Spatial Release from
Masking paradigm (SRM). How different the use of implicit and explicit spatial cues are, either in their
mechanism or neural correlates, is still unclear. Evidence coming from lesions studies showing double
dissociations in patients’ deficits (further developed in section 1.1.3) suggest distinct neural correlates
for the processing of implicit and explicit spatial cues (Duffour-Nikolov et al., 2012). This assumption
was further explored in our study focusing on the neural substrate of implicit and explicit spatial deficits

in stroke patients (Tissieres et al., In Preparation).

1.1.2 Neural correlates of auditory spatial processing

1.1.2.a Hierarchical processing of auditory spatial cues

The coding of ITD and 11D begins in the superior olivary complex in the brainstem where the outputs
coming from the cochlea arrive (Fig. 2). The medial superior olive receives monosynaptic excitatory
input and disynaptic inhibitory input from both ears and calculates ITD and IID. Then the lateral superior
olive receives monosynaptic excitatory input from the ipsilateral cochlear nucleus and disynaptic
inhibitory input from the other side. In other words, neurons in one cochlear nucleus respond stronger
when sounds hit the ipsilateral ear than the contralateral ear. Then, the inferior colliculus of one side
receives information about binaural disparities of the contralateral auditory field via the projections from
the medial and lateral superior olivary nuclei. In the lateral nucleus of the inferior colliculus,
contralateral azimuth angles of 0-180° are mapped along the rostrocaudal axis. This rostrocaudal map
signifies that neurons in the inferior colliculus have receptive fields that are spatially tuned, and that
when shifting from rostrally to caudally neurons representing sounds sources are arranged from midline

positions to contralateral caudal positions (in azimuth).
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Figure 2. Ascending auditory pathway. Schematic representation adapted from (Kinzel and Wagner, 2017) of
the ascending auditory pathway from the cochlea, through the brainstem and the midbrain to the auditory cortex.
Black and red lines represent excitatory connections. Dotted lines represent inhibitory connections. Red lines are
illustrating the contralateral pathway from the right auditory nerve to the left auditory cortex.

In the inferior colliculus, some projections will converge like the inputs from the lateral superior olive
and from the dorsal cochlear nucleus meaning a combination of 11Ds and spectral cues, but some other

will remain separated like the projections from the lateral and medial superior olive.

Neurons arriving from the inferior colliculus in the auditory cortex conserve their functional
specificities. Cortical neurons processing low-frequency sounds will be still sensitive to ITDs, while
cortical neurons processing high-frequency sounds will be more sensitive to 11Ds. Spectral cues that are
generated by the filter properties of the ear are important here too. Finally, even if cortical regions
process auditory spatial information, it is impossible to draw a map of auditory space similar to the ones
observed in visual or somatosensory cortices. An hypothesis suggested by Stecker and colleagues
proposes that sound localization could be done by the comparison between the activity of groups of

contralateral and ipsilateral neurons within each hemisphere (Stecker et al., 2005).
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Finally, at a cortical level, a functional network is processing auditory spatial information. This network
is the dorsal ‘“Where’ stream from the dual-stream model and is thoroughly explained in the next section

(1.1.2.b The dual-stream model).

1.1.2.b The dual-stream model

Cortical regions are also involved in sound source localization. Evidences coming from animal studies
(Rauschecker and Tian, 2000; Romanski et al., 1999a; Romanski et al., 1999b) as well as from human
studies (Barrett and Hall, 2006; Clarke et al., 2002; Clarke and Thiran, 2004; Murray et al., 2006;
Rauschecker and Tian, 2000; Retsa et al., 2018) suggest that, as for the visual system, the auditory
system is divided in two anatomo-functionally segregated processing streams (Fig. 3A & B): the
“What” and “Where” streams (Bachevalier, J. and Mishkin, M., 1986.; Kaas and Hackett, 1999;
Ungerleider and Haxby, 1994; Ungerleider and Mishkin, M, 1982). The first one, the ‘What’ stream, is
dedicated to the recognition of sound identity and relies on anterior parts of the temporal lobe and on
the inferior frontal gyrus. The second one, the ‘Where’ stream, is dedicated to sound localization and
relies on posterior parts of the superior temporal gyrus, the inferior parietal lobule and the superior
frontal sulcus. The planum temporale is considered a shared auditory area necessary for sound
localization as well as sound identification processes (Arnott et al., 2004; Arnott and Alain, 2011;

Recanzone and Cohen, 2010).
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Figure 3. The dual-stream model. In (A.) are represented the ‘What” and ‘Where’ processing streams (adapted
from (Leavitt et al., 2011)). In (B.) are represented the connections between the main regions of the dorsal ‘“Where’
and the ventral “What’. In orange is outlined the core (PAC) and in green is outlined the belt (ALA, LA). Regions
marked with a blue square were shown to process mainly spatial information and regions marked with a red circle
were shown to process mainly non-spatial information.

Moreover, a subcortical and cortical asymmetry was reported in the processing of auditory spatial
representations (Kaiser and Lutzenberger, 2001; Salminen et al., 2010; Schénwiesner et al., 2007;
Spierer et al., 2009; Zatorre and Penhune, 2001). A right hemispheric dominance for auditory
localization was demonstrated by several studies, including the one from Spierer and colleagues, who
investigated the hemispheric competence for auditory spatial representations in patients with unilateral
brain lesions (Spierer et al., 2009). Results showed that the left hemisphere computes for the
contralateral spatial hemispace while the right hemisphere is processing the whole space analysis. Their

results also highlighted the role of the right temporo-parietal cortices.

1.1.3 Auditory spatial and attentional deficits following unilateral brain damage

Clinical studies helped to understand the mechanisms of auditory spatial processing by studying auditory
spatial deficits following brain lesions (Adriani et al., 2003; Haeske-Dewick et al., 1996; Rey et al.,
2007; Sanchez-Longo and Forster, 1958; Sonoda et al., 2001; Tanaka et al., 1999; Zatorre and Penhune,

2001).

10



Tissiéres Isabel Département des Neurosciences Cliniques Introduction

1.1.3.a Auditory neglect

Unilateral spatial neglect (USN) is a relatively common syndrome that patients with brain damage can
experience. Symptoms will manifest by a lack of attention to the hemispace contralesional. Deficits can
affect one or several sensory modalities depending on the lesion site; and very different patterns of

deficits are observed across patients (Heilman et al., 2000; Mesulam, 1999).

The implication of the ventral attentional system in USN deficits has been demonstrated over the past
years. Indeed, USN has been linked to lesions including the right IPL or STG (Corbetta and Shulman,
2011; Karnath et al., 2001; Mort et al., 2003; Vallar and Perani, 1986), to regions of the VAS (Fig. 4A
& C) or to lesions of the fiber tracts connecting them (Fig. 4B) (Bartolomeo et al., 2007; Schotten et al.,
2014; Verdon et al., 2010). Neglect patients have difficulties in disengaging their attention from stimuli
presented to the ipsilesional side and have a strong attentional bias toward contralesional stimuli

(Bartolomeo and Chokron, 2002).
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Figure 4. Attentional systems. In (A.) are represented the brain regions shown to be involved in the ventral
attentional system (VAS, upper part) and in the dorsal attentional system (DAS, lower part). In (B.) are represented
the VAS and DAS and the branches of the superior longitudinal fasciculus that were shown to functionally connect
these regions. In (C.) are represented the VAS and DAS, along with the main lesion sites inducing neglect deficits
(upper part) and a neuroanatomical model explaining the interactions between the regions involved in these two
networks (lower part). Illustrations were adapted from (Chica, A. et al., 2012; Corbetta, M., 2005; Corbetta and
Shulman, 2002a).
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The multimodal spatial deficits and the fact that all symptoms occur without any impairment of primary
sensory abilities (Bisiach, 1993; Di Pellegrino et al., 1997; Farah et al., 1989; Mesulam, 1999; Rorden
et al., 1997) raised the hypothesis that unilateral neglect is linked to the dysfunction of multimodal
attentional regions by direct lesions or by disconnections between them through a lesion of white matter
tracts (Bartolomeo et al., 2007; Bisiach et al., 1984, 2004; Bueti et al., 2004). Different subtypes of
neglect have been reported in the literature. Indeed, neglect deficits can involve the intentional-motor or
sensory-inattention processing, they can be related to the personal or extra-personal space and the
symptoms can manifest through unilateral or bilateral stimulation; (Heilman et al., 2000). The specific
case of a neglected hemispace when two stimuli are presented simultaneously is called extinction (Parton

et al., 2004).

Due to the complexity of the auditory system, auditory neglect can provoke very different deficits
(Gokhale et al., 2013). Auditory neglect deficits can involve a difficulty in localizing sounds in the
contralesional hemispace (Pinek et al., 1989; Pinek and Brouchon, 1992). Second type of auditory
neglect deficits is related to a difficulty in localizing sounds in the entire space with specific impairments
as alloacusis, i.e. mislocalization of sound sources to the ipsilesional hemifield (Altman et al., 1979;
Ruff et al., 1981; Soroker et al., 1997). Investigation of the neural substrate of these deficits showed that
impairments in localization in the contralesional hemispace can occur after right or left brain
hemispheric lesions (Efron et al., 1983; Haeske-Dewick et al., 1996; Klingon and Bontecou, 1964;
Lessard et al., 2000; Pinek and Brouchon, 1992; Sanchez-Longo and Forster, 1958; Wortis and Pfeffer,
1948; Zatorre et al., 1995). Studies that investigated impairments in localization in the entire space found

either a right or left hemispheric dominance (Bisiach et al., 1984; Pinek et al., 1989; Ruff et al., 1981).

The paradigms that have been developed and used to assess auditory neglect deficits are the dichotic
listening test (Kimura, 1967), the diotic listening test (Bellmann et al., 2001; Clarke and Thiran, 2004)
and auditory lateralization paradigms. The dichotic listening test is a task that involves simultaneous
presentation of two different words, one to each ear, and allows investigating auditory extinction. This
task does not allow distinguishing extinction deficits due to attentional impairments or due to perceptual

impairments (Beaton and McCarthy, 1995; Hugdahl and Wester, 1994). The diotic listening test is
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therefore complementary as it involves bilateral presentation of both words with lateralization of each

with interaural time differences (ITD).

Using these three paradigms: auditory lateralization, dichotic and diotic listening; previous study from
our group on four neglect patients identified two types of auditory neglect following a right brain lesion
(Bellmann et al., 2001). First type of auditory neglect is linked to lesions in subcortical regions, including
the basal ganglia, which lead to an imbalance in the allocation of attentional resources to the left
hemispace. Patients with these lesions show an asymmetry at the dichotic and diotic listening tasks but
not at the auditory lateralization task. Second type of neglect is linked to lesions including regions in the
fronto-parietal network, which lead to a distortion of the auditory space and to an auditory extinction.
Patients with these lesions show an asymmetry at the dichotic listening task, a preserved performance
at the diotic listening task and an impaired sound localization at the auditory lateralization task.
However, no quantitative study has been conducted so far to compare the neural substrate underlying
extinction at either task. For this reason, we conducted an anatomo-clinical study including these three
paradigms and two groups of patients who suffered from either left or right hemispheric damages

(Tissieres et al., In Revision).

1.1.3.b Deficits in the use of explicit and implicit spatial cues

Spatial abilities can be impaired in two different ways following brain damage: either explicitly or
implicitly. Patients can experience difficulties in explicitly pointing to the source of an oncoming sound
(Makous & Middlebrooks, 1990; Clarke et al., 2002; Pavani et al., 2001; Zatorre and Penhune, 2001)
and/or have troubles in sound-object segregation (Carlyon, 2004; Carlyon et al., 2001; Darwin, 1997;
Litovsky et al., 2002; Thiran and Clarke, 2003), an ability that requires to implicitly localize the
competing oncoming sounds in order to separate and identify them (Roman et al., 2002). Double
dissociations between deficits in sound localization and stream segregation observed in stroke patients
(Duffour-Nikolov et al., 2012) suggest that the implicit and explicit use of spatial cues might rely on
distinct neural correlates and might be related to distinct mechanisms. Paradigms developed to test the

explicit use of spatial cues are auditory lateralization tasks and to test implicit spatial cues the Spatial
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Release from Masking (SRM) (Carhart et al., 1967; Culling et al., 2004; Hawley et al., 2004; Saupe et
al., 2010; Thiran and Clarke, 2003). Using these two paradigms and an anatomo-clinical approach, we
investigated the deficits following a left or right hemispheric stroke and their underlying neural substrate

(Tissieres et al., In Preparation).

1.2 Cross-modal neuroplasticity

Perception of space and navigation in a coordinated environment is possible through the integration of
spatial information coming simultaneously from all the senses. Therefore, there are multimodal systems
that compute this information allowing the development of a unified construct. Indeed, in everyday
situations, when an object is encountered it will be perceived by several modalities and not by only one.
For example, a ‘fire’ can be seen, heard, smelt and can even provoke some emotion to the subject. Each
perception will be processed in parallel by its sensory system and then spatial treatment will be computed
by areas that treat modality-specific information and by multimodal — heteromodal — areas that combine
and integrate the information. These mechanisms allow orienting attention, directing the movement and
navigating in a multisensory environment (Bavelier and Neville, 2002; Kujala et al., 2000; Merabet and
Pascual-Leone, 2010). Therefore, cross-modal representations are perceptions built on the interaction

between two or more sensory modalities.

Our environment is very rich and comports many distractors, noise, what makes auditory sound
localization more difficult. Cross-modal representations allow enhancing the performance by decreasing
the uncertainty and increasing the signal-to-noise ratio (Alais and Burr, 2004; Ernst and Banks, 2002).
Moreover, our environment is constantly changing and the brain needs to be able to adapt to these
changes (sound intensity, luminance, reverberations) as well as to changes emanating from its own body.
These changes could impact the way the sensory modalities interact. So, in order to keep a correct spatial
representation of the environment, there is a constant alignment between the different modality-specific
representations through cross-modal recalibration (Bergan, J. et al., 2005; Recanzone, 1998; Wallace,
M. and Stein, B., 2007; Wozny and Shams, 2011). The use of this specific neuroplastic capacity of the

brain in order to alleviate auditory spatial deficits was explored in the present thesis using two different
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visual interventions, i.e. prism adaptation and visual deprivation. These two interventions elicit cross-
modal spatial processing and could potentially allow recalibration of auditory spatial representations,

which would be useful in the neurorehabilitation of auditory deficits following stroke.

1.2.1 Audio-visual spatial recalibration

Importance of vision in the construction and calibration of auditory spatial representations was first
demonstrated in animal studies (Feldman, D. and Knusden, E., 1997; Keuroghlian and Knudsen, 2007)
Additionally, a study in the barn owl manipulated the alignment of visual and auditory maps, by putting
on the animals prism goggles that shifted the entire visual field of 20 degrees (Keuroghlian and Knudsen,
2007). The animals were raised with these prisms and their auditory spatial abilities adjusted to the
deviated visual input. This study demonstrated that there is a critical period for an accurate adjustment
between the auditory and visual maps. Young owls can adapt to 20 degrees of displacement, but adult

owls can only adapt to small visual shifts.

In humans, changes in auditory spatial representations induced by an altered visual input were
investigated mainly in the following three domains: following brief or permanent visual deprivation,

with the ventriloquism illusion and with prism adaptation.

Visual deprivation can occur following partial or total visual loss. Impact of visual deprivation on sound
localization abilities has been investigated in blind patients as well as in blindfolded healthy controls.
The ventriloquism illusion is a good example of the inter-dependency between visual and auditory
information. A ventriloquist is a performer who tries to make the audience feel that his own voice
appears from elsewhere, from a puppet for example. In the ventriloguism illusion, the localization of a
sound is biased towards a spatially disparate visual stimulus simultaneously presented (Recanzone,
1998). Prism adaptation is a sensori-motor adaptation in which participants perform a perceptual-motor
task while wearing prismatic googles that deviate the visual field laterally. Realignment of spatial
coordinates through cross-modal recalibration is used in the neurorehabilitation of unilateral spatial

neglect deficits. This thesis focuses on visual deprivation and prism adaptation.
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1.2.2 Prism adaptation

Prism adaptation (PA) is a perceptual adaptation induced by sensory discrepancy. During PA
participants wear goggles mounted with prisms that shift the entire visual field laterally (Fig. 4A). PA
is a sensori-motor adaptation; therefore, it involves vision, movement and proprioception (Fig. 4B). In
the 10-15 first trials participants show pointing errors, i.e. errors in the direction of the prism’s deviation

(Fig 4C), then they adapt their movement and point to the target correctly (Held et al., 1966).

C In healthy participants D In neglect patients
Before PA First trials Last trials After PA Prismatic shift

Finger straight ahead (deg)

Pre-test

Without coo i : Affer prisms
prisms With right deviating prisms removal

Figure 5. Prism adaptation procedure. In (A.) are represented the prismatic goggles we designed and developed
for our studies: deviation of 10 degrees, light, leg of glasses can be replaced by an elastic, MR-compatible. In (B.)
is represented the experimental apparatus: the participant/patient is sitting with the head positioned on a chinrest,
two black dots are placed at a distance of 57 cm 14 degrees to the left and to the right of his body midline. In (C.
& D.) are represented the four stages of the experimental procedure: before the adaptation phase the
participant/patient does several trials without the prisms. Healthy participants will be able to touch the target
without errors, whereas patients will touch the right side of the point due to their neglect deficits. Then they have
to do 150 pointing movements while wearing the prismatic goggles. Once the goggles removed, they are asked to
point again without the prisms. They will point more to the left than before PA, this measure is the aftereffect and
is due to the sensori-motor recalibration (adapted from Jacquin-Courtois et al., 2013; Rossetti et al., 1998).

PA has been used to investigate visuo-motor plasticity in healthy subjects and to alleviate spatial deficits
in patients with USN (Fig. 4D). USN is a multimodal syndrome usually encountered following a right
hemispheric lesion and can involve deficits in one or several sensory modalities. Many studies have
highlighted the benefits of PA in improving visuo-spatial deficits (Barrett et al., 2012; Rossetti et al.,

1998; Striemer and Danckert, 2010). A systematic review of the main therapeutic approaches in the
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rehabilitation of USN deficits showed that PA is the most effective neurorehabilitation protocol (Yang
et al., 2013). In USN, PA was shown to improve behavior for the left side of space in non-visual
modalities as well. These last years, several studies have shown benefits of PA on neglect deficits for
example, in visual performance (i.e. the line bisection (Rossetti et al., 1998)); in mental imagery (Rode
et al., 1998); in wheel chair driving (Jacquin-Courtois et al., 2008) and in neglect dysgraphia (Rode et
al., 2006). Using a dichotic listening task, a paradigm allowing the investigation of auditory extinction,
Jacquin-Courtois and colleagues showed improvements of left auditory neglect deficits after PA
(Jacquin-Courtois et al., 2010). With a different design involving a dual task and allowing the study of
visual and auditory spatial gradients, another group showed no effect of PA on auditory deficits
(Eramudugolla et al., 2010). Through which mechanism the modulation of auditory spatial
representations could take place is therefore still unclear. It remains for example to determine if PA
modulates the auditory space through the same neural mechanisms as it does for the visual space; which
auditory spatial capacities could be modulated by PA and for which patients it allows reducing some
auditory USN deficits. To answer those questions two studies were conducted. The first study using an
event-related fMRI paradigm aimed at investigating if the brain regions underlying auditory-spatial
processing are modulated similarly than the regions underlying visuo-spatial processing by PA. The
second study used anatomo-clinical correlations to determine for which auditory USN deficits and which

patients PA could be beneficial.

1.2.2.a Neural bases of prism adaptation

Prism adaptation involves three main calibration mechanisms: i) postural adjustments; ii) recalibration
of target position and strategic control; and iii) spatial realignment of the different reference frames
involved (Redding and Wallace, 2006). In normal subjects several studies revealed the involvement of
the right posterior parietal cortex and right cerebellum during the successive stages of this visuo-motor
adaptation (Chapman et al., 2010; Clower et al., 1996; Danckert et al., 2008; Kuper et al., 2014; Luauté
et al., 2009). During the initial phase of adaptation, participants show pointing errors due to the

misalignment induced by the prismatic goggles. Neuroimaging studies have demonstrated that the brain
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regions involved in error correction include the left anterior intraparietal sulcus, anterior cingulate and
primary motor cortex (Clower et al., 1996; Danckert et al., 2008). Recalibration was shown to be related
to activity in the posterior parietal cortex and occipital sulcus (Luauté et al., 2009), regions underlying
the adjustment of movement plans. Spatial realignment, also investigated in Luauté’s study, involves
the cerebellum. Chapman and colleagues, using a blocked-design fMRI paradigm, compared the initial
adaptation phase (error correction) to the last phase (spatial realignment) of adaptation (Chapman et al.,
2010). Their results confirmed the involvement of the cerebellum in spatial realignment and showed
additionally that the inferior parietal cortex is also involved. Panico and colleagues were able to
demonstrate the causal implication of the cerebellum in spatial realignment with a paradigm involving
a multiple-step adaptation, i.e. exposure to a progressive visual shift from 2 to 10 degrees of
displacement, and inhibitory transcranial direct current stimulation (Panico et al., 2018). Their results
support the hypothesis that the cerebellum, through its anatomical parieto-ponto-cerebellar connections,

contributes to the adjustment of the motor behavior via an automatic online correction.

In a study investigating the modulations, after PA, Crottaz-Herbette and colleagues compared task-
related brain activations before and after rightward PA (Crottaz-Herbette et al., 2014). They showed
that PA modulates visuo-spatial representations bilaterally in the inferior parietal lobules (IPL) by
increasing the representation of the left, center and right visual field in the left and decreasing the
representation of the right visual field in the right IPL . These findings suggest that rightward PA shifts
the hemispheric dominance within the ventral attentional system from the right to the left hemisphere

(Clarke and Crottaz-Herbette, 2016).
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Figure 6. Modulation of the dorsal (DAS) and ventral (VAS) attentional systems in healthy and brain
damaged individuals by prism adaptation (PA). On the left are represented the DAS and VAS before PA. On
the right are represented the DAS and VAS after PA. This illustration is adapted from (Clarke and Crottaz-
Herbette, 2016).

Figure 6 is a schematic representation of the ‘shift of hemispheric dominance through the VAS’ (SHD-
VVAS) model, which explains the interaction between the VAS and DAS and how PA, by modulating
the VAS allows the restoration of the input to the DAS. The alleviation of neglect deficits by PA would
rely on such modulation of the VAS (Clarke and Crottaz-Herbette, 2016). To determine if this model
could explain the pseudo-neglect experienced by healthy participants following a leftward PA, we
conducted a study using an event-related fMRI paradigm before and after a session of PA with leftward
deviating goggles (Crottaz-Herbette et al., 2017). Our results using a leftward adaptation were compared

to the results of a rightward adaptation by using a between-subjects design.

1.2.3 Visual deprivation

In the past decades, several studies demonstrated increased sound localization performances following
visual deprivation (Abel and Shelly Paik, 2004; Lessard et al., 1998; Rdder et al., 1999). Neuroimaging
studies have highlighted the role of the visual cortex in the enhanced auditory-spatial processing of blind
patients (Gougoux et al., 2005; Kujala et al., 1995; Poirier et al., 2006; Voss et al., 2008) as well as a
more efficient auditory processing within the tonotopic primary auditory cortex (Stevens and Weaver,

2009). These two neural mechanisms indicate that there are cross-modal and intramodal changes
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induced by the visual deprivation that allow the compensation of visual deficits by enhancing the

capacities of the remaining senses.

Lessard and colleagues investigated early-blind patients, i.e. patients with congenital deficits affecting
the visual system, with or without residual vision (in the periphery) and compared their performances
in sound localization to those of healthy controls blindfolded or not (Lessard et al., 1998). All
participants were tested under binaural and monaural conditions, meaning that each condition had a
specific set of spatial cues. Their results showed that in the binaural condition, healthy controls
(blindfolded and sighted controls) performed as well as blind participants. According to the authors, this
result shows that blind patients do have a three-dimensional auditory space representation similarly to
healthy individuals. Interestingly, blind patients with residual vision were less accurate than the other
groups for peripheral sound positions and had similar performances than the other groups for central
sound positions. The authors were expecting opposite results, indeed as the residual vision is in the
periphery they made the hypothesis that auditory-spatial recalibration would take place where vision is
lacking, i.e. in the midline. They made three hypotheses to explain these surprising results. First, some
confusion could be created by the fact that these blind patients with residual vision in the periphery have
to develop an auditory map partially supported by vision. Second, these patients have orienting
behaviors that are not always adequate and head position is sometimes in positions that can negatively
impact their ability to correctly localize the sounds. Third, the deafferented sensory regions can not be
used for the auditory-spatial recalibration because they are not stimulated anymore. Results for the
monaural condition (one ear was blocked during stimulus presentation) showed that healthy controls
(blindfolded and sighted controls) performed similarly, with a positional bias in direction of the
unobstructed ear when a sound was presented to the obstructed ear. Blind patients with residual vision
were less accurate than the other groups and showed a positional bias too. Blind patients without residual
vision showed surprising results: half of the patients showed similar results than controls, but with more
response variability for sounds presented to the obstructed ear and reporting that those sounds seemed
qualitatively different. The other half showed normal performances, very similar to the performances in

the binaural condition. The authors conclude that the qualitative differences observed in some patients
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for sounds presented to the obstructed ear indicate that blind patients use more efficiently monaural cues

than healthy controls for auditory processing.

Abel and colleagues conducted a study to investigate if healthy subjects are able to adapt to a visual
deprivation that would allow the correct localization of sound sources without vision (Abel and Shelly
Paik, 2004). To do so they studied two groups: one group was blindfolded and the other was not
blindfolded. Subjects were tested five consecutive days. Results showed that blindfolded subjects made
more errors than the other group and had larger reaction times. Both groups performed better for
broadband noise stimuli than for other stimuli. Over the five training sessions, both groups showed an
improvement, but the blindfolded group showed a larger improvement in reaction times than the other
group and this was due to the improvements in using spectral cues. The authors argued that the ability
to adapt to situations with sudden and/or temporarily obscured vision and to use auditory cues
appropriately can be extremely important. They give the examples of firefighters and military services
who have to operate in environments where smoke or fog obstructs the vision and for which an error

could result in fatalities.

Indeed, firefighters are frequently evolving in poor visual environments, e.g. dark or full of smoke.
When they navigate in these environments, they need to be extremely vigilant to auditory inputs that
could be related to individuals to rescue or to potential dangers to avoid. One interesting question is if
his learning and intensive training leads to permanent changes in auditory-spatial abilities. We intend to
test his assumption in a behavioral study using auditory and visuo-spatial tasks and if the hypothesis
would be verified, to further investigate the underlying neural correlates of this cross-modal recalibration

using a neuroimaging paradigm.

1.2.3.a Neural bases of auditory-spatial recalibration following visual deprivation
Over the past decades, numerous neuroimaging studies have reported plastic changes following visual
loss related to auditory processing (Gougoux et al., 2005; Kujala et al., 1992, 1995; Liotti et al., 1998;

Muchnik et al., 1991; Niemeyer and Starlinger, 1981; Roder et al., 1999; Zwiers et al., 2001).
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Rdder and colleagues conducted a study on congenitally blind individuals aiming at understanding the
behavioral and electrophysiological indices of spatial tuning within the central and peripheral auditory
space (Rdoder et al., 1999). Behavioral results showed that blind participants have better performances
at sound localization compared to healthy controls, when attending to sounds presented in the periphery.
Electrophysiological results showed a significant difference in the gradient of N1 amplitude, when
sounds were presented on the periphery, with steeper N1 gradient for the blind group. This compensatory
reorganization was further investigated by comparing the scalp distributions of N1 for the two groups.
For the healthy group, the enhanced N1 was anteriorly located over the anterior scalp, while for the blind
group it was more posteriorly located. In a subsequent study, the same group of authors compared these
results from congenitally blind individuals to the ones from blind individuals with late onset, i.e.
individuals who have lost their sight as older children or adults (Fieger et al., 2006). They report similar
behavioral results for late-onset blind patients than for early-blind patients. The late-onset blind patients
also demonstrate better sound localization performances for sounds presented in the periphery, as do the
congenitally blind patients. However, late-onset blind patients use a different mechanism to do so, by
showing sharper spatial tuning at a later stage of auditory processing as the significant difference in P3

highlighted.

Using positron emission tomography, a functional neuroimaging method, Gougoux and colleagues
investigated sound localization in early-blind individuals (Gougoux et al., 2005). First, they evaluated
sound localization performance of early-blind patients in an anechoic chamber. Next, they divided the
participants in three groups according to their performance: i) early-blind patients who could localize
sounds more accurately than healthy controls; ii) early-blind patients who were unable to localize sounds
more accurately than healthy controls; iii) healthy controls. Then, the three groups performed the same
task in the scanner. Imaging results showed that the early-blind patients who were more accurate than
controls recruited their right striate and extrastriate cortices to do so. Furthermore, they showed a
significant correlation between these occipital activations and behavioral performances. This correlation

was driven by patients who showed better sound localization showing larger occipital activations.
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Three main mechanisms have been suggested to explain cross-modal neuroplasticity (for a review, see:
Bavelier and Neville, 2002): i) subcortical connectivity: changes in connections between the inferior
colliculi and thalamus that will result in modulations of the input arriving to the primary sensory area;
ii) cortico-cortical feedback: changes in connections between modality-specific and multimodal areas;
iif) long-range connections between sensory cortices: changes in feedforward connections between

primary sensory areas (Fig. 7).
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Figure 7. Mechanisms underlying cross-modal plasticity. This figure, adapted from (Bavelier and Neville,
2002), is proposing three main mechanisms for cross-modal plasticity. (A) the first mechanism involves changes
in the subcortical connectivity, (B) the second mechanism relying on changes in cortico-cortical connections
between modality-specific and multimodal areas, and (C) the third mechanism that relates to changes in
feedforward connections between primary sensory cortices.

The three main mechanisms illustrated in Figure 7 are related to distinct types of cross-modal plasticity.
Changes related to an altered subcortical connectivity have been most often observed in young animals
and are rather rare in adults (Cooper Howard M. et al., 1993; Hyde and Knudsen, 2002). Changes related
to cortico-cortical feedbacks can occur following trainings or following sensory loss (Bavelier et al.,
2000; Bullier et al., 2001) and can be observed in adults. Changes related to feedforward pathways
between primary cortices have been observed following sensory loss, for example with the recruitment
of the primary cortex V1 for auditory processing and have been reported in adults too (Gougoux et al.,

2005; Kujala et al., 1995; Poirier et al., 2006; Voss et al., 2008).
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1.3 Aim of the thesis

The aims of this thesis were to investigate: i) the neural correlates of explicit and implicit auditory spatial
cues processing; ii) the neural correlates of auditory neglect deficits; and iii) the impact of cross-modal
recalibration as a strategy to improve auditory spatial capacities. The ultimate objective underlying the
studies included in the present work was to determine the patients’ needs and the neuroplastic abilities

of the auditory spatial system in order to define better neurorehabilitation strategies in the future.

To do so, the first part of this thesis includes two neuroimaging studies analyzing the relations between
lesions’ anatomy and deficits in auditory spatial processing. Using a combined neuropsychological and
neuroanatomical approach it is possible to determine which brain regions are necessary for a given
function allowing a better understanding of the fundamental auditory spatial processing. The aims of
these studies were to determine the neural substrate of auditory extinction and of the deficits in using
implicit spatial cues for sound object segregation. The second part involved three studies using a sensori-
motor recalibration protocol, i.e. prism adaptation, used to lessen unilateral spatial neglect deficits and
that was shown to have an effect on various sensory modalities: vision, motor, proprioception. Goal was
to investigate if this visuo-motor adaptation would have an effect on auditory neglect deficits and if the
neural changes induced by this adaptation would be similar during a visual or an auditory detection task,
which would be suggesting that the spatial recalibration done by prism adaptation is supported by brain

regions performing a supramodal computation of the spatial representations.
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CHAPTER 2 METHODOLOGY

2.1 Voxel-Lesion Symptom Mapping

Voxel-Lesion Symptom-Mapping (VLSM) is a mass-univariate statistical method used to assess the
necessary contribution of patients brain lesions on their deficits at a behavioral task on a voxel-by-voxel
basis (Bates et al., 2003). If a patient with a focal stroke has a specific deficit, we could infer that the
territory affected by the stroke is essential for this cognitive function (Sperber and Karnath, 2017). So
far, VLSM has been used to study the impact of a brain lesion on various cognitive functions such as
motion detection (Saygin, 2007), attention (Molenberghs et al., 2009; Verdon et al., 2010), language
(Bates et al., 2003; Saygin et al., 2004; Walker et al., 2011) or sound localization (Spierer et al., 2009).
By testing each voxel independently, this method allows determining its specific importance for the
cognitive function of interest. Neuroimaging methods, such as fMRI, EEG or PET show regions that are
involved in a task or a given cognitive function. However, VLSM allows causal inferences as it specifies

which regions are essential to the task or cognitive function (Sperber and Karnath, 2017).

Figure 8 explains the different steps involved in the VSLM. This method works on a voxel-by-voxel
level: for each voxel two groups of patients are created, one group with the patients that have this voxel
damaged and one group with the patients that have this voxel spared. Then it does a statistical test
between these two groups’ behavioral performances. If there is a significant result, it would indicate that
when this voxel is damaged the patients present deficits at this task. Usually, the lesions of the patients
are drawn manually from MRI or CT scans on axial slices using a specific software and then normalized
on the Montreal Neurological Institute’s (MNI) brain atlas. VLSM analyses are finally performed using
a specific statistical software allowing non-parametrical analyses (Rorden et al., 2007) on the data
acquired from the behavioral tasks and on the normalized brain images. In order to increase statistical
power, the minimal group-size for statistical analyses is usually set to 15%. Depending on the group-
size, different statistical tests are possible. For groups with more than 10 patients, the Brunner-Munzel
test is appropriate (Medina et al., 2010). In order to avoid risks of false positives linked to multiple
comparisons, a False Discovery Rate (FDR) correction is applied (Benjamini, Y. and Hochberg, Y.,

1995).
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Figure 8. Voxel-lesion Symptom-Mapping procedure. Illustration adapted from (Bates et al., 2003), of the steps
involved in the anatomo-clinical correlations used in the VLSM. The first step requires to draw manually patients’
lesions to allow voxel-by-voxel analysis. The second step concerns the statistical analysis between the groups
(voxel spared, voxel damaged) on the behavioral data. This is done for each voxel (P1, P2, P3 and PN corresponds
to the patients from the first step). Final step is the plotting of the statistics on a lesion map after the correction of
the statistical threshold.

VLSM has advantages and limitations. First of all, the vascular architecture of the brain is of specific
importance because more than 50% of ischemic strokes involves the middle cerebral artery (Arboix et
al., 2008; Muir et al., 2006), therefore most of the patients will have brain lesions involving territories
around this artery. If the cognitive function of interest is not supported by the brain regions around the
middle cerebral artery, it will be more difficult to find patients with a lesion including the regions
important for this cognitive function. Second, for valid VLSM analyses, several criteria in the patients
selection and examination must be fulfilled (Sperber and Karnath, 2017). These criteria include the delay
post-stroke (acute, subacute, chronic), the neuropsychological comorbidity, the patients’ age, the stroke
etiology and the time point of imaging. All these factors can have detrimental effect on the VSLM results
if not taken correctly into account. Indeed, these criteria can themselves explain most of the variability
of the deficits. Third, VLSM is a method that assumes a statistical independence of all the voxels that
are tested, but a stroke can induce distributed damages over the entire brain (Lee et al., 2009; Phan et
al., 2005). However, multivariate methods are showing promising results to overcome this limitation.
Finally, VLSM has the advantage to be data-driven and does not involve the a priori selection of regions
of interest or cut-off scores for behavioral performance. Indeed, with their method Bates and colleagues

(2003) allow including continuous behavioral data as well as brain lesions including either part of the
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brain. Another advantage of VLSM is the causality it allows. Indeed, results of VLSM analyses allow

determining the impact of each voxel on the performance.

VLSM and fMRI are different tools, but they can be complementary. For example, VLSM involves one
brain image per subject, whereas fMRI involves autocorrelated time series of images from each subject.
In VLSM the behavior is the dependent variable whereas in fMRI the behavior is the independent
variable. In VLSM the spatial map is the independent variable used to predict the behavior, whereas in
fMRI the spatial map is the dependent variable we want to predict by manipulating variables in our task.
However, Bates and colleagues comparing results from fMRI to results from VLSM concluded that both
methods are correlated up to r = .55 (Bates et al., 2003). In another study, the convergence of results
coming from healthy subjects in a fMRI paradigm and of VLSM findings in stroke patients has been
investigated and permitted to show that attentional effects, i.e. selection between competing stimuli, can
be attributed to the middle segment of the lower bank of the right inferior parietal sulcus (Molenberghs
et al., 2008). The strongest overlap between both neurocimaging methods was shown when stimuli were
positioned along the horizontal axis. This study is a good example of the complementarity of VLSM

and fMRI methods in the validation of cognitive models.

2.2 Functional Magnetic Resonance Imaging (fMRI)

Functional Magnetic Resonance Imaging (fMRI) is a non-invasive imaging method (Ogawa et al., 1992)
used to measure brain activity by detecting changes in the local oxygenation of blood in areas of the

brain, which will reflect the amount of underlying cognitive activity (Logothetis et al., 2001).

The signal measured by fMRI is the change in oxygenation, i.e the blood oxygenation level dependent
(BOLD) signal. When neurons become more active, they need more oxygen, therefore the amount of
blood flow to that area will be increased. Deoxygenated (dHb) and oxygenated (Hb) hemoglobin have
different magnetic properties. The former is more magnetic, i.e. paramagnetic, and the latter is resistant

to the magnetic field, i.e. diamagnetic. This difference leads to an improved MR signal because the
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diamagnetic Hb does not interfere as much with the magnetic signal. The hemodynamic response is the
increase in blood flow that we see following a brief period of neuronal activity. The oxygenated blood
displaces deoxygenated blood around 2 seconds later. The peak will arrive approximately 4 to 6 seconds

after, with a slight undershoot afterwards before returning to the baseline level 15 to 20 seconds after

(Fig. 9).
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Figure 9. Hemodynamic response. Figure adapted from (Poldrack et al., 2011) illustrating the different stages of
the hemodynamic response: stimulus onset at 0 sec; initial dip between 0 and 2 seconds; peak of primary response
approximatively 4 to 6 seconds after stimulus onset; negative undershoot approximatively 10 seconds after
stimulus onset; and return to baseline activity 14 to 16 seconds after stimulus onset.

The hemodynamic response follows a certain linearity that allows creating statistical models. Indeed,
event-related fMRI paradigms, i.e. designs using rapid intermixed trials with short — 2 to 5 seconds —
intertrial intervals, showed that the BOLD response behaves as a linear time invariant system (Boynton
et al., 1996; Dale and Buckner, 1997; Vazquez and Noll, 1998). The usual approach in analyzing fMRI
data is through the General Linear Model (GLM) (Fig. 10). The GLM waorks by considering that at each
time point, the hemodynamic response is equal to the events active at that point. To specify the model,
we have to create a design matrix (X in the Fig. 10) determining which events are active at each time
point. Each column of the matrix will correspond to an event and each row to a time point. The
assumption is that the specific shape of the hemodynamic response will change in amplitude in active

voxels. Therefore, this assumption is used mathematically, by a procedure coined as convolution, to
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predict the hemodynamic response of a voxel at a certain time point. To minimize residual errors (€ in
the Fig. 10), available parameters that could explain some part of the brain activity are included (i3 in
the Fig. 10) in the prediction model. These parameters can be motion correction parameters, age or heart

beat rate for example.

l The General Linear Model

N N N
Observeddata = Predictors(EVs) * Parameters + Error

o PVIRE piasl v abume Al callead the Mo

Figure 10. The General Linear Model (GLM). Illustration of the GLM adapted from (Poldrack et al., 2011),
where y is referring to the observed data; X to the predictors, B to the parameters and € to the residual error.

Usually, analysis of fMRI data follows these major processing steps: correction for spatial distortion of
the fMRI images (distortion correction); realignment of the scans across the time to correct for
participant’s motion (motion correction); correction of differences in timing across the slices in each
image (slice timing correction); alignment of each participant’s data into o common spatial template
(spatial normalization); blurring of the images to improve the signal-to-noise ratio (spatial smoothing);
removing or attenuating the low-frequency in order to improve the signal-to-noise ratio (temporal
filtering); fitting a statistical model to the data (statistical modeling); correction for multiple comparisons

(statistical inference); and visualization of results (visualization).

The GLM statistical method is an univariate approach in which each voxel is analyzed independently.
Therefore, in order to minimize Type | errors, i.e. false positive errors, a correction for multiple
comparisons is required. Different methods to correct for multiple comparisons exist. The Bonferroni

correction has been shown to be too conservative by reducing to much the estimated number of degrees
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of freedom. Another approach is the family-wise error rate that is based on the assumption of random
Gaussian field and works by applying a Gaussian smoothing filter. Whereas this approach is interesting
to reduce Type | errors, it can significantly increase Type Il errors, i.e. false negative errors. Finally, the
false discovery rate is an interesting stepwise algorithm that controls for about 5% of false positive
activation (incorrect rejections of null-hypotheses) by sorting the p-values and sequentially rejecting the

hypotheses starting from the smallest p-values.

fMRI, such as other neuroimaging methods, has advantages and limitations as well. The big advantage
of fMRI is that it is non-invasive and allows investigating the activity of brain regions or brain networks
in animals, humans, either healthy or patients populations, in non-harmful ways. With the increasing
popularity of fMRI these last decades, methods have been developed, such as Resting State fMRI,
allowing investigating populations that cannot be in an active task, such as infants, comatose patients or
patients following a stroke. This method allows to determine if some brain networks are functionally
disturbed by examining the brain activity when it is at rest. Another advantage is that fMRI has a good
spatial resolution. Depending on the scanner parameters the spatial resolution can be as good as having
voxels of 1 x 1 x 1 mm with a 3 Tesla machine, or even less with a ultra high field 7 Tesla machine.
This resolution allows studying the activity of small structures such as subcortical regions, but one has
to take into account that the increase of spatial resolution increases the signal-to-noise ratio as well.
Limitations of fMRI paradigms concern the temporal resolution weakness. Indeed, the hemodynamic
response is much slower than the underlying neuronal activity. For example, the peak of activity of the
hemodynamic response following the presentation of a visual stimulus in V1 will arrive around 5
seconds later, while it takes around 200 ms to the neurons in V1 to process the visual stimulus.
Furthermore, fMRI is an indirect method and it only permits to determine correlational relations. Finally,
not everyone can be included in fMRI studies. There are exclusion criteria based on magnetic resonance
safety and on health issues. These exclusion criteria are for example: have a pacemaker, an insulin pump,
a piece of metal in the body (piercing or projectile), be pregnant, be claustrophobic, diabetic or subject

to panic attacks.
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CHAPTER3 SUMMARY OF THE RESULTS

3.1 STUDY A - Exploring auditory neglect: anatomo-clinical

correlations of auditory extinction

Isabel Tissieres, Sonia Crottaz-Herbette and Stephanie Clarke
This article is in revision in the Journal ‘Annals of Physical and Rehabilitation Medicine’.
Contribution

The candidate contributed decisively in the analyses, writing of the paper and partly on data acquisition.

Abstract

Background: The key symptoms of auditory neglect include left extinction on tasks of dichotic and/or
diotic listening and rightward shift in locating sounds. Whereas the anatomical correlates of the latter
are relatively well understood, there are no systematic studies on auditory extinction.

Methods: We examined 20 patients with right (RDH) and 19 with left hemispheric damage (LHD) using
dichotic and diotic listening tests. Either test consists of simultaneous presentation of word pairs; in the
dichotic test one word is presented to each ear, in the diotic test each word is lateralized by means of
interaural time differences and presented to one side.

Results and Conclusion: RHD was associated with exclusively contralesional extinction in dichotic or
diotic listening, whereas LHD led in selected cases to contra- or ipsilesional extinction. Bilateral
symmetrical extinction occurred in RHD or LHD, in dichotic or diotic listening. The anatomical
correlates of these extinction profiles offer an insight into the organisation of the auditory and attentional
systems. First, left extinction in dichotic vs. diotic tests involves different parts of the right hemisphere,
which explains the double dissociation between these two neglect symptoms. Second, contralesional
extinction in the dichotic test relies on homologous regions in either hemisphere. Third, ipsilesional
extinction in the dichotic test following LHD was associated with lesions of the intrahemispheric white
matter, interrupting callosal fibres outside their midsagittal or periventricular trajectory. Fourth, bilateral
symmetrical extinction was associated with large parieto-fronto-temporal LHD or with smaller parieto-
temporal RHD, suggesting thus that divided attention, supported by the right hemisphere, and auditory

streaming, supported by the left, are likely to play a critical role.
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3.2 STUDY B - Left and right hemispheric lesions impair implicit use

of spatial cues in auditory streaming

Isabel Tissieres, Sonia Crottaz-Herbette and Stephanie Clarke
This article is in preparation for submission (Final stage).
Contribution

The candidate contributed decisively in the analyses, writing of the paper and partly on data acquisition.

Abstract

Previous studies reported a double dissociation between deficits in explicit sound localization and in
sound object segregation on the basis of implicit use of spatial cues, suggesting the existence of a
position-linked representation of sound objects that is distinct from the position-independent
representation within the ventral auditory stream and from the explicit sound localization processing
within the dorsal stream. Here we provide evidence for the anatomical substrate of spatial-cue based
sound object segregation.

Fifty-seven participants (17 controls; 20 patients with left and 20 with right hemispheric damage) were
assessed for explicit sound localization and for the effect of spatial release from masking (SRM). The
latter used two simultaneous environmental sounds; the position of the masker varied (a central and 2
positions within each hemispace, simulated with interaural time differences) whereas the target
remained central. Voxel-based Lesion-Symptom Mapping (VLSM) was applied to either task.
Performance in the explicit localization task depended critically on the right parietal cortex, confirming
the role of the right dorsal auditory pathway in explicit localization.

For the SRM task, separate VLSM analysis was performed for each of the 5 masker positions. It
highlighted the critical role of a large temporo-parieto-frontal region within the left hemisphere,
independently of the position of the masker. In addition, a smaller parieto-temporal region was
highlighted, more specifically when the masker was central or to the right.

Thus, explicit and implicit use of spatial cues depend on at least partially distinct neural networks. The
involvement of a left temporo-parieto-frontal network in the SRM effect is in agreement with the role

of a left temporo-frontal network in position-linked representation of sound objects, which was reported

in a previous EEG study.
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3.3 STUDY C - Supramodal effect of rightward prismatic adaptation

on spatial representations within the ventral attentional system

Isabel Tissieres, Eleonora Fornari, Stephanie Clarke and Sonia Crottaz-Herbette

This article was published in the Journal ‘Brain Structure and Function’ in 2017.

Contribution

The candidate contributed decisively in the elaboration of the experimental design, the recruitment of

participants, the analyses and writing of the paper.

Abstract

Rightward prismatic adaptation (R-PA) was shown to alleviate not only visuo-spatial but also auditory
symptoms in neglect. The neural mechanisms underlying the effect of R-PA have been previously
investigated in visual tasks, demonstrating a shift of hemispheric dominance for visuo-spatial attention
from the right to the left hemisphere. We have investigated whether the same neural mechanisms
underlie the supramodal effect of R-PA on auditory attention. Normal subjects underwent a brief session
of R-PA, which was preceded and followed by an fMRI evaluation during which subjects detected
targets within the left, central and right space in the auditory or visual modality. R-PA-related changes
in activation patterns were found bilaterally in the inferior parietal lobule. In either modality the
representation of the left, central and right space increased in the left IPL, whereas the representation of
the right space decreased in the right IPL. Thus, a brief exposure to R-PA modulated the representation
of the auditory and visual space within the ventral attentional system. This shift in hemispheric
dominance for auditory-spatial attention offers a parsimonious explanation for the previously reported

effects of R-PA on auditory symptoms in neglect.
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3.4 STUDY D - For better or worse: The effect of prismatic

adaptation on auditory neglect

Isabel Tissieres, Mona Elamly, Stephanie Clarke and Sonia Crottaz-Herbette

This article was published in the Journal ‘Neural Plasticity’ in 2017.

Contribution
The candidate contributed decisively in the elaboration of the experimental design, the recruitment of

participants, the analyses and writing of the paper.

Abstract

Patients with auditory neglect attend less to auditory stimuli on their left and/or make systematic
directional errors when indicating sound positions. Rightward prismatic adaptation (R-PA) was
repeatedly shown to alleviate symptoms of visuo-spatial neglect and once to restore partially spatial bias
in dichatic listening. It is currently unknown whether R-PA affects only this ear-related symptom or also
other aspects of auditory neglect. We have investigated the effect of R-PA on left-ear extinction in
dichotic listening, space-related inattention assessed by diotic listening, and directional errors in
auditory localization in 10 neglect patients. The most striking effect of R-PA was the alleviation of left
ear extinction in dichotic listening, which occurred in half of the patients with initial deficit. In contrast
to the non-responders, their lesions spared the right dorsal attentional system and posterior temporal
cortex. The beneficial effect of R-PA on ear-related performance contrasted with detrimental effects on
diotic listening and auditory localization. The former can be parsimoniously explained by the SHD-VAS
model, which is based on the R-PA-induced shift of the right-dominant ventral attentional system to the
left hemisphere. The negative effects in space-related tasks may be due to the complex nature of auditory

space encoding at cortical level.
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3.5 STUDYE - A brief exposure to leftward prismatic adaptation
enhances the representation of the ipsilateral, right visual field

in the right inferior parietal lobule.

Sonia Crottaz-Herbette, Eleonora Fornari, Isabel Tissieres and Stephanie Clarke

This article was published in the Journal ‘eNeuro’ in 2017.

Contribution

The candidate contributed to the recruitment of participants and data acquisition.

Abstract

A brief exposure to rightward prismatic adaptation (PA) was shown to shift visual field representation
within the inferior parietal lobule from the right to the left hemisphere. This change in hemispheric
dominance could be interpreted as i) a general effect of discrepancy in visuo-motor alignment caused
by PA or ii) a direction-specific effect of rightward PA. To test these hypotheses, we compared the
effects of rightward and leftward PA on visual representation. Three groups of normal subjects
underwent an fMRI evaluation using a simple visual detection task before and after brief PA exposure
using leftward- or rightward-deviating prisms or no prisms (L-PA, R-PA, Neutral groups). A two-way
ANOVA Group x Session revealed a significant interaction, suggesting that PA-induced modulation is
direction-specific. Post hoc analysis showed that L-PA enhanced the representation of the right visual
field within the right inferior parietal lobule. Thus, a brief exposure to L-PA enhanced right hemispheric
dominance within the ventral attentional system, which is the opposite effect of the previously described
shift in hemispheric dominance following R-PA. The direction-specific effects suggest that the
underlying neural mechanisms involve the fine-tuning of specific visuo-motor networks. The
enhancement of right hemispheric dominance following L-PA offers a parsimonious explanation for

neglect-like symptoms described previously in normal subjects.
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CHAPTER 4 GENERAL DISCUSSION

The specific aims of the present thesis were to investigate auditory-spatial deficits following brain
lesions and the neuroplasticity of auditory space representations with the broader goal to allow designing
more successful rehabilitation protocols in the future. Therefore, in this chapter the results of the five
studies composing the present work will be discussed regarding their impact on the understanding of
auditory spatial processing and deficits, the plasticity of auditory space representations and their neural

correlates.

First, we will review the results from the studies on auditory neglect deficits and on the insight they
offer into the neural organization of auditory spatial processing. Second, we will explore the cross-modal
plasticity induced by prism adaptation on auditory spatial processing and we will propose putative
mechanisms underlying this cross-modal recalibration. Third, results from the five studies will be
debated regarding the auditory attentional networks in order to highlight their support for an additional
pathway suggested by previous results, integrating spatial and non-spatial information for sound object
processing. Finally, future directions will be proposed regarding fundamental as well as clinical

perspectives.

4.1 Correlates of auditory neglect

Auditory neglect can lead to three types of deficits. The first type of deficits concerns sound
lateralization tasks with patients presenting systematic directional errors (Altman et al., 1979; Bellmann
et al., 2001; Bisiach et al., 1984; Haeske-Dewick et al., 1996; Soroker et al., 1997). The second type of
deficits is an extinction of contralesional items when simultaneously presented to the patient (Heilman
and Valenstein, 1972; Hugdahl and Wester, 1994). The failure to report stimuli on the left side was
shown using tasks of dichotic listening, in which simultaneous auditory stimuli are presented to each

ear (Deouell and Soroker, 2000; Heilman and Valenstein, 1972; Hugdahl et al., 1991). The third type of
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deficit is an extinction of left-sided stimuli, so related to space and not to the ear of entry, as
demonstrated by tests of diotic listening (Bellmann et al., 2001; Spierer et al., 2007; Thiran and Clarke,
2003). In this latter test, sounds are lateralized by means of interaural time differences: two stimuli are

presented simultaneously to both ears.

These three key symptoms of auditory neglect can occur in a given patient together or in separation. A
double dissociation has been initially described between extinction on diotic listening and rightward
shift in sound localization (Bellmann et al. 2001). In this study, four patients with neglect characterized
by extinction on dichotic listening were investigated; two had extinction on diotic listening and normal
performance in sound localization that were attributed to lesions on the basal ganglia, whereas the other
two patients presented rightward shifts on sound localization and normal performance on diotic listening
that were attributed to lesions of parieto-fronto-temporal brain regions. A later study reported a double
dissociation between extinction on dichotic vs. diotic (Spierer et al., 2007). This study included 15
patients with auditory neglect. Five out of 15 patients presented a significant asymmetry on diotic
listening, due to a decrease of reporting stimuli presented on the left side, and normal performance on
dichotic listening. Six other patients presented significant asymmetry on dichotic listening and normal
performance on diotic listening. Only one patient out of the 15 did not present deficits in sound
localization too. Spierer’s study did not investigate the underlying anatomical Substrate of each patient’s

profiles.

Double dissociations among auditory neglect deficits suggest that the three types of deficits should
depend on distinct neural correlates. Sound localization was attributed to the right parietal cortex, as
established in a series of studies (Spierer et al., 2009; Tanaka et al., 1999). The dichotomy of rightward
shift in auditory localization vs. left spatial extinction was shown to rely on damage centred on the
prefrontal, superior temporal and inferior parietal cortex vs. lesions of basal ganglia, respectively
(Bellmann et al. 2001), suggesting indeed different neural networks. So far, there was no systematic

guantitative study of the neural correlates of auditory extinction.
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Using anatomo-clinical correlations to investigate the different types of auditory extinction we were able
to go further in the understanding of auditory attentional networks and auditory neglect deficits
(Tissieres et al., In Revision). The first result of this study concerns the difference in the neural substrate
of left extinction in dichotic vs. diotic tasks. Dichotic and diotic listening deficits for the contralesional
left hemispace were linked to different brain regions of the right hemisphere. This difference explains
the previously described double dissociation between these symptoms of auditory neglect, i.e. extinction
related to the ear of entry or to the side of entry. Additionally, results showed that contralesional
extinction in dichotic listening relies on a similar neural substrate in either hemisphere; thus, both right
and left auditory cortices are involved, each one critically for information provided by the contralesional
ear. Third, ipsilesional extinction in dichotic listening following LHD was linked to lesions involving
intra-hemispheric white matter; thus, the callosal disconnection which is believed to cause this deficit
can also occur in cases of intrahemispheric and not only midsagittal or periventricular interruptions of
the callosal pathway. Fourth, bilateral symmetrical extinction was linked to LHD in a large parieto-
fronto-temporal region, and with RHD in a smaller parieto-temporal region, indicating a role of divided
attention, supported by the right hemisphere, and of auditory streaming, supported by the left

hemisphere.

In an independent study, we investigated the neural correlates of the implicit and explicit use of spatial
cues (Tissieres et al., In Preparation). We were able to show the hemispheric asymmetry in the
computation of either cues explaining the double dissociation reported in previous studies. Results
clearly demonstrated that sound object segregation involves bilateral regions but relies predominantly
in left fronto-temporo-parietal areas, while the explicit use of spatial cues involved in sound object
localization relies on the right dorsal attentional pathway. Moreover, results also permitted to see the
impact of left unilateral neglect on the implicit use of spatial cues. Indeed, RHD patients showed a
performance asymmetry driven by a globally lower performance than the one of the LHD group for all
positions, but more so for positions on the right hemispace. This performance asymmetry is explained
by the fact that when the masker sound is presented on the left hemispace, it is neglected by the patient

and therefore has less impact on the detection of the central target.
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These results highlighting the role of left hemispheric structures for the spatial processing involved in
sound object segregation offer new insights for therapeutical approaches. By strengthening the auditory
attentional systems, as for example using prism adaptation, deficits in using implicit spatial cues could

be potentially alleviated. However, no study so far has investigated this hypothesis.

In summary, these two studies allowed understanding the organization of auditory spatial processing

showing that either left or right hemispheric damage can lead to auditory spatial deficits.

4.2 Multimodal changes induced by prism adaptation

In an experiment using an fMRI event-related paradigm we studied the neural plasticity induced by
prism adaptation using visual or auditory detection tasks and we were able to show that the inferior
parietal lobule is similarly modulated by PA in each modality, unraveling its supramodal role in the
realignment of the spatial coordinates (Tissieres et al., 2017b). Results showed that rightward PA
enhances the involvement of the left angular gyrus in the detection of the targets presented on the left,
center and right auditory space and decreases the involvement of the right supramarginal gyrus for the
targets presented on the right auditory space. Thus, rightward PA shifts the hemispheric dominance for
auditory-spatial attention from the right to the left IPL. This effect of PA is in line with previously results
and is in keeping with the SHD-VAS model (Clarke and Crottaz-Herbette, 2016; Crottaz-Herbette et al.,
2014). In addition to the previous results and to the model, present results highlight the fact that the IPL
is the multimodal brain region subserving the supramodal spatial processing induced by PA and
therefore this region might be related to the positive effects of PA on multimodal symptoms of neglect.
Furthermore, another fMRI study was conducted aiming at understanding the directional effect of PA
(Crottaz-Herbette et al., 2017). In this study, neural mechanisms involved in rightward PA and leftward
PA were compared. Results showed that the inferior parietal lobule underlies the realignment of spatial
coordinates for both adaptations in opposite ways. Indeed, following the rightward adaptation, the left

visual field was enhanced within the left IPL, whereas following the leftward adaptation, it is the right
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visual field that was enhanced within the right IPL. This enhancement of the right IPL enhances regions
involved in the right ventral attentional system and by this way strengthen the right attentional bias,
which explains the pseudo-neglect reported following leftward PA in healthy participants and which

adds supporting evidence for the SHD-VAS model.

As the IPL is dedicated to the multimodal realignment of spatial coordinates, it should be involved in
the latter stage of the adaptation. Petitet and colleagues, used a mathematical modelling and proposed a
neuro-computational model (Fig. 11) explaining the different steps involved in prism adaptation. In their
Bayesian model composed of eight steps, the multimodal integration is indeed taking place at the last
stage (Petitet et al., 2017). The eight steps of the model are: i) the entry of the sensory input to the eyes;
ii) the visual inverse model calculating the visual displacement; iii) the decision maker in charge of the
alignment between the actual and perceived target location; iv) the motor inverse model in charge of
determining the motor commands based on the direction determined by the decision maker; v) the
feedback information about the reaching endpoint is sent to visual and proprioceptive models allowing
the adjustment of the future motor command; vi) the feedback information about the movements are
sent to visual and proprioceptive models; vii) the Bayesian integration of all the precedent forward

predictions coming from each modality; and viii) the multimodal integration.

However, the specific assumption that the multimodal integration occurring at the last step of the prism
adaptation relies on the inferior parietal lobules remains to be empirically demonstrated. To answer this
question, a high-density electrophysiological approach, which would allow investigating the temporal

aspects of the different steps involved in PA as well as their neural correlates, should be used.
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Figure 11. Neuro-computational model of prism adaptation. lllustration adapted from (Petitet et al., 2017)
showing the proposed Bayesian model of the different steps underlying the visuo-motor recalibration induced by
prism adaptation. In (1) is represented the sensory input (light) entering to the eyes through the deviating prism
lens. In (2) is represented the visual inverse model computing the visual displacement. In (3) is represented the
decision maker, which will allow aligning the reaching endpoint with the target location. In (4) is the motor inverse
model, which allows the transformation of the goal (aiming direction) into an action plan (motor command). In
(5) is represented the efference copy of this action plan sent to visual and proprioceptive models in order to generate
predictions about the next motor command (due to the ballistic movements, this prediction is restricted to the
reaching endpoint and not to the entire movement). In (6) is represented the sensory feedbacks (visual and
proprioceptive) generated by the movements. These sensory feedbacks are integrated in modality-specific sensory
inverse models that include the location of the hand. In (7) is the Bayesian integration of the modality-specific
forward predictions. In (8) is represented the latter stage involving the multimodal integration of the different
spatial estimates.

In another experiment, the alleviation of auditory neglect deficits using PA was investigated in ten
patients following a first right hemispheric stroke (Tissieres et al., 2017a). Results showed a beneficial
effect of rightward PA on auditory neglect limited to the alleviation of left-ear extinction in dichotic
listening. This particular effect can be explained by the SHD-VAS model (Clarke and Crottaz-Herbette,

2016.; Crottaz-Herbette et al., 2014). The ventral attentional system is known to be involved in the
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detection of unexpected stimuli and therefore, in the reorienting of attention (Corbetta and Shulman,
2002; Igelstrém and Graziano, 2017.; Shulman et al., 2010, 2003; Todd et al., 2005). In neglect patients
it is often damaged preventing the detection of targets (Corbetta and Shulman, 2002). The shift of the
ventral attentional system to left IPL allows restoring the alerting input to the dorsal attentional system
on either side, both for auditory and visual targets. The results from this study showing that for the
alleviation of the left extinction to occur, the right dorsal attentional system needs to be intact, are in
line with the model. The effect of rightward PA on deficits at the diotic listening task was not consistent
and it even worsened deficits for several patients. Our results showed that in specific conditions
rightward PA can enhance the rightward spatial bias and by doing so amplify neglect symptoms. When
it happened in diotic listening, the initial condition of the patients involved scores that where extremely
low or within lower normal range on both sides. Rightward PA increased the reporting on the right but
not on the left side. The beneficial effect on the right side can be explained by the SHD-VAS model and
the ensuing activation of the left dorsal attentional system. Both patients who presented this effect
suffered from damages involving brain regions on the right dorsal attentional system, which

consequence was to prevent the re-orienting of attention to the left.

The results of this study confirmed the previous results reporting a beneficial effect of PA on auditory
extinction as tested with the dichotic listening paradigm (Jacquin-Courtois et al., 2010). Moreover, the
present results reporting detrimental or no effects on the space-related measures also allow
understanding the results of Eramudugolla and colleagues, that showed no effect of PA on the auditory

spatial gradients (Eramudugolla et al., 2010).

In summary, the results from our studies investigating PA allowed demonstrating the supramodal role
of the IPL, suggesting its involvement in the realignment of the spatial coordinates. The recruitment of

multimodal brain regions allows this protocol to be efficient at alleviating auditory neglect deficits, when
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the neural structures damaged do not prevent the shift of spatial representations from the right to the left

hemisphere.

4.3 Attentional systems

The auditory attentional system was shown to be organized as the visual attentional system around two
main streams: the dorsal ‘Where’ stream and the ventral ‘What’ stream (Fig. 12). The dual-stream model
implies that the semantic representations of sound objects in the brain regions along the ventral “What’
stream are position-independent, i.e. do not involve spatial information about the sound object. Whereas
in the dorsal ‘Where’ stream sound objects are coded about their position, but not their semantic
category. These two pathways are independent and dedicated to different mechanisms, but they were
shown to communicate and in specific tasks, results showed involvement of dorsal regions in semantic

tasks and ventral regions in spatial tasks.

In a repetition priming electrophysiological study, the mechanisms of the combined information about
the meaning and the position of a specific sound object and how it is represented in the brain were
investigated (Bourquin et al., 2013). Their results identified position-independent representations of
sound objects within the right temporo-frontal region and left temporo-parietal region supporting the
dual-stream model. Additionally, a position-linked representation was found within the ventral stream
of the left hemisphere including the posterior parts of the superior and middle temporal gyri. This result
suggests that some regions of the ventral stream on the left hemisphere process both semantic and spatial
information including the binding of these two types of information. The spatial information arriving to
the ventral stream regions in the left hemisphere could be provided either by early-stage auditory area:
the ALA, or by input from the dorsal stream (Budd et al., 2003; Rivier and Clarke, 1997; van der Zwaag
etal., 2011; Viceic et al., 2006; Wallace et al., 2002). Current results suggest that combined coding for
semantic and spatial representations takes place in the supratemporal plane. Further results supporting

that the binding of semantic and spatial information occurs at the level of early-stage auditory areas
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come from a study conducted by Cammoun and colleagues that investigated the intrahemispheric
connectivity of the human auditory cortex using a neuroimaging method coined as Diffusion Spectrum
Imaging (DSI) (Cammoun et al., 2015). DSI is a non-invasive in vivo approach that allows the study of
the structural connectivity through the use of specific MRI sequences. Results showed that several
streams are originating from the PAC, while there are only a few connections between the dorsal and
ventral streams outside the supratemporal plane. Recent ultra-high field fMRI study from our group
confirmed the involvement of early-stage areas in the combining of spatial and non-spatial information

(Da Costa et al., 2018).

A @ Mulimodal spatial processing 8 s v spatial processing B Dorsal «Where» stream

A Visuo-spatial processing Auditory spatial processing

I¥G

plane

Ventral «What» stream

Figure 12. Attentional streams for auditory processing. Schematic representations of our findings combined
with the results coming from the existing literature. In A. Illustration of the brain regions shown by the literature
and the present studies to be involved in unimodal and multimodal spatial processing. Attentional auditory
pathways are represented with the colored arrows: dorsal ‘Where’ stream (blue), ventral “What’ stream (orange)
and the lateral ‘Integration’ stream (green). B. Schematic representation of the brain regions involved in each
processing stream.

Evidence coming from the studies conducted here on the neural correlates of sound segregation
(Tissieres et al., In Preparation), on the neural mechanisms of prism adaptation (Crottaz-Herbette et al.,
2017; Tissieres et al., 2017a, 2017b) are supporting the existence of left hemispheric structures dedicated

to the spatial processing of sound objects.

Results from the studies presented above strongly support the right hemispheric dominance for auditory
spatial processing and auditory attention. These abilities depend on a right-dominant parieto-frontal
network. However, these results indicate that the left hemisphere also computes spatial representations,
in particular of the ipsilateral auditory space, which might be important for sound object segregation and

might be a useful pathway for rehabilitation of auditory neglect using PA.
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4.4 Conclusions

Auditory spatial deficits can occur following brain damage and severely impair patient’s quality of life.
In some cases, it can even prevent the patients to start working again. Rehabilitation strategies targeting
specifically these deficits are still scarce nowadays. The aims of the present thesis were to better
determine auditory neglect by investigating the neural substrate underlying each deficits and to evaluate

the impact of prism adaptation, a visuo-motor training protocol, on the alleviation of these deficits.

Cross-modal recalibration can be a useful way to target auditory spatial deficits when the modulation of
the unimodal brain regions’ activities is not possible due to lesions involving the auditory system. A
better understanding of which brain regions are performing multimodal spatial treatment allows

selecting the good trainings, i.e. trainings that recruit these brain regions.

The results from the studies composing the present work demonstrate the auditory spatial recalibration
following prism adaptation, which is a visuo-motor training protocol. By showing that the inferior
parietal lobule is the supramodal brain region underlying the multimodal benefits of prism adaptation
and by determining for which patients this training could be efficient, we provided strong evidence that

this visuo-motor adaptation is a promising therapy for the rehabilitation of auditory-spatial deficits.

4.5 Future directions

The effect of PA on auditory-spatial deficits was investigated using an auditory lateralization task and
two tasks evaluating auditory extinction. The impact of prism adaptation on the alleviation of deficits in

the implicit use of spatial cues remains however to be evaluated.

Based on our findings showing that prism adaptation has selective beneficial effects, it will be important

to conduct a large clinical trial to determine statistically which patients are good responders. Then, to
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conduct clinical trials including only the good responders to assess to which extent auditory neglect
deficits can be improved using prism adaptation. Another line of research should focus on determining
the optimal duration, intensity and number of sessions of prism adaptation to obtain a successful, long-

term, improvement of auditory spatial deficits.

Moreover, the multisensory processing of the inferior parietal lobule remains to be demonstrated, as
well as the temporal aspects of the prism adaptation to understand when the multimodal integration takes
place. A high-field electrophysiological study would be a useful way to answer both questions as it
allows a precise temporal investigation and gives insight about the brain regions involved in each

mechanism.

Finally, our results add strong evidence for the existence of a third auditory processing stream dedicated
to the integration of position-dependent and position-independent representations of sound objects.
Additional studies are needed to address the exact neural correlates of this lateral ‘Integration’ stream,
their temporal aspects and the functional connectivity between this stream and the other two, i.e. the

dorsal ‘“Where’ and the ventral ‘What’ streams.
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1. Introduction

ABSTRACT

Background: The key symptoms of auditory neglect include left extinction on tasks of dichotic and/or
diotic listening and rightward shift in locating sounds. The anatomical correlates of the latter are
relatively well understood, but no systematic studies have examined auditory extinction. Here, we
performed a systematic study of anatomo-clinical correlates of extinction by using dichotic and/or diotic
listening tasks.
Methods: In total, 20 patients with right hemispheric damage (RHD) and 19 with left hemispheric
damage (LHD) performed dichotic and diotic listening tasks. Either task consists of the simultaneous
presentation of word pairs; in the dichotic task, 1 word is presented to each ear, and in the diotic task,
each word is lateralized by means of interaural time differences and presented to one side.
Results and conclusion: RHD was associated with exclusively contralesional extinction in dichotic or
diotic listening, whereas in selected cases, LHD led to contra- or ipsilesional extinction. Bilateral
symmetrical extinction occurred in RHD or LHD, with dichotic or diotic listening. The anatomical
correlates of these extinction profiles offer an insight into the organisation of the auditory and
attentional systems. First, left extinction in dichotic versus diotic listening involves different parts of the
right hemisphere, which explains the double dissociation between these 2 neglect symptoms. Second,
contralesional extinction in the dichotic task relies on homologous regions in either hemisphere. Third,
ipsilesional extinction in dichotic listening after LHD was associated with lesions of the intrahemispheric
white matter, interrupting callosal fibres outside their midsagittal or periventricular trajectory. Fourth,
bilateral symmetrical extinction was associated with large parieto-fronto-temporal LHD or smaller
parieto-temporal RHD, which suggests that divided attention, supported by the right hemisphere, and
auditory streaming, supported by the left, likely play a critical role.

© 2018 Published by Elsevier Masson SAS.

auditory stimuli presented to either ear [4-6]. However, the
extinction of left-sided stimuli can also be related to space and not

Although the auditory manifestations of neglect are often not
explored in clinical settings, they offer highly interesting insights
into the organisation of the auditory and attentional systems and
eventually into the mechanisms of therapeutic interventions
[1,2]. Auditory neglect is characterized by inattention to sounds
emanating from the left part of space after a right hemispheric
lesion [3]. The failure to report stimuli on the left side was initially
documented in tasks of dichotic listening, with simultaneous

* Corresponding author. Neuropsychology and Neurorehabilitation Service,
Centre Hospitalier Universitaire Vaudois, 5, avenue Pierre-Decker, 1011 Lausanne,
Switzerland.

E-mail address: isabel.tissieres@bluewin.ch (I. Tissieres).

https://doi.org/10.1016/j.rehab.2018.05.001
1877-0657/© 2018 Published by Elsevier Masson SAS.

ear, as demonstrated by tests of diotic listening [7-9]. In this latter
test, sounds are lateralized by means of interaural time differences
and 2 stimuli are presented simultaneously on the right and left
side. Another manifestation of auditory neglect is sound mislo-
calization, in particular alloacusis (i.e., the misplacement of sounds
presented on the left to the right), the shift of the central position to
the right, and an overall tendency to misplace stimuli, with a
tendency toward the right side [10,11].

The 3 key features of auditory neglect can occur in a given
patient together or separately. A double dissociation between
extinction on diotic listening and rightward shift in sound
localization was documented in 4 neglect patients, 2 with
extinction on diotic listening and normal performance in sound
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localization, and the other 2 with rightward shift on sound
localization and normal performance in diotic listening [ 7]. The site
of lesion differed between the 2 groups: the former had lesions
centred on basal ganglia and the latter had lesions on parieto-
fronto-temporal cortices. A later study reported a double
dissociation between extinction in dichotic versus diotic tasks in
15 consecutive patients with neglect: 5 presented significant
asymmetry on diotic but not dichotic tasks, and 6 presented
significant asymmetry in dichotic but not diotic tasks [8]. All but
1 of these patients also presented deficits in sound localization.
This latter study did not address the issue of anatomical correlates.

The occurrence of double dissociations among the key
symptoms of auditory neglect suggests that the 3 aptitudes
depend at least in part on distinct neural substrates. Sound
localization depends critically on the right parietal cortex, as
established in a series of studies using Voxel-Lesion Symptom-
Mapping (VLSM) [12,13]. However, no systematic study has
investigated the anatomo-clinical correlates of extinction.

Understanding the anatomical substrate of extinction in
auditory neglect may help to disentangle the puzzling effect of
prismatic adaptation, which has been repeatedly shown to
alleviate visuo-spatial neglect symptoms [14]. Prismatic adapta-
tion was shown to alleviate left extinction on dichotic listening
[15,16], but it did not restore the imbalance in diotic listening or
localization; in some instances it even worsened left-sided
extinction in diotic listening [16]. Here we used dichotic and/or
diotic listening in a systematic study of anatomo-clinical correlates
of extinction.

2. Methods
2.1. Patient population

We recruited 97 brain-damaged patients in the Neuropsychol-
ogy and Neurorehabilitation Service, Centre Hospitalier Universi-
taire Vaudois, in Lausanne, between 2014 and 2017 as part of an
ongoing study. A total of 39 patients fulfilled the inclusion criteria
of the current study:

first unilateral focal stroke;

brain imaging available;

absence of hearing deficits;

absence of major comprehension deficit at moment of testing;
absence of psychiatric or other neurological comorbidities.

All but 2 patients were right handed. Twenty patients sustained
right hemispheric damage (RHD, 12 males) and 19 left hemispheric
damage (LHD, 11 males). The study was approved by the ethics
committee of the Canton de Vaud, Switzerland, and all patients
gave informed consent.

2.2. Dichotic and diotic listening tasks, neuropsychological evaluation

The dichotic and diotic tasks consist of 30 simultaneously
presented word pairs; in the dichotic task, 1 word is presented to
each ear, and in the diotic task, each word is lateralized by means of
interaural time differences and presented to each side [7]. Auditory
extinction is defined as a decrease in reporting simultaneously
presented words and is characterized by the lateralization index
([right-left side]/[right + left side] x 100). Normative data were
published previously: for the dichotic task, the mean (SD) right-ear
report is 29 [1.7] and the left-ear report is 28.9 [2.7], with no
significant difference between ears; the mean lateralization index
is 0.99 [4.5]. For the diotic task, the mean (SD) right-side report is
26.2 [4.6] and the left-side report is 24.9 [5], with no significant

difference between sides; the mean lateralization index is
3.52 [6.0] [7]. Detailed neuropsychological evaluation, including
localization of sounds lateralized by means of interaural time
difference, was performed as previously described (Bellmann et al.,
2001; Duffour-Nikolov et al., 2012).

2.3. Statistical analyses of behavioural data

Behavioural scores were analyzed by mixed-design ANOVA
with the within-subject factors Stimulus Side (left, right) and Task
(dichotic, diotic) and the between-subjects factor Lesion Side (LHD,
RHD). Analyses involved using R (R Development Core Team, 2008,
Vienna, Austria).

2.4. Voxel-Lesion Symptom-Mapping (VLSM)

Lesions from MRI or CT scans were drawn on axial slices by
using MITK 3M3 software and normalized on the Montreal
Neurological Institute’s (MNI) brain template by using the
SPM12 software (Wellcome Department of Cognitive Neurology,
London, UK). VLSM involved use of the Non-Parametric Mapping
toolbox (NPM) from the MRICroN software package [17]. The
minimal group size for statistical analyses was defined at 15% (i.e.,
tests were restricted to voxels with at least 3 patients in each
group). The test used in these analyses was the Brunner-Munzel
test, FDR-corrected, tBM-map intensity [0,2.4]. A first set of
analyses was conducted on the total number of correctly reported
words (total left + right ears/sides). A second set was conducted on
the number of correctly reported words separately for the right and
left ears/sides. Finally, a last set was performed on a modified
lateralization index. VLSM analyses as implemented in the NPM
software package require that higher values of behavioral data
correspond to better performances. Therefore, to fit these
requirements, the lateralization index was separated into 2 mea-
sures (i.e., left and right ears/sides) and multiplied by —1 (higher
values correspond to fewer deficits). Furthermore, in each VLSM
analysis, patients included presented the respective extinction
plus the patients within the normative range.

3. Results

Independent samples t-test confirmed that patient groups did
not differ significantly in lesion size (Table 1, Supplementary Fig. 1;
t(38)=27.85, P=0.82, LHD: mean [SD] 89456 [66954] mm3; RHD:
mean 84266 [73797] mm3) or age (t(38)=35.61, P=0.35, LHD:
mean [SD] 52.9 [12.8] years old; RHD: mean = 55.35 [11.4] years
old).

3.1. Behavioural results

Performance profiles were analyzed by number of items
reported for each ear/side, total number of items, and the
lateralization index (Fig. 1). We observed contralesional extinction
after RHD and LHD but ipsilesional extinction only after LHD
(Fig. 1C). Furthermore, in some cases, RHD or LHD led to a bilateral
decrease in reporting, without significant asymmetry; we refer to
this situation as bilateral extinction.

Performance in dichotic versus diotic tasks was compared by
2 x 2 x 2 ANOVA for the number of correctly reported words
(Fig. 1; Table 2) with the within-subject factors Stimulus Side (left,
right) and Task (dichotic, diotic) and between-subjects factor
Lesion Side (LHD, RHD). We found a significant main effect of Task
[F(1,36) = 8.598, P = 0.006] but not Stimulus Side [F(1,36) = 1.155,
P=0.29] or Lesion Side [F(1,36)=2.754, P=0.106]. Interactions
were significant between Stimulus Side and Task [F(1,36) = 4.147,
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Table 1

Clinical and demographical characteristics of patients included in the study (n=39).

Patient Sex Age (year) Delay (day) Regions involved in the lesion Volume (mm3)
R1 M 46.8 33 Right IFG, STG, MFG, Insula, Precentral, Postcentral, SMG, IPL, Putamen 216742
R2 F 53.0 136 Right Insula, IFG, Precentral, STG, Putamen 56934
R3 F 63.4 37 Right IFG, Precentral, Postcentral, Insula, SMG, IPL, Putamen, STG, Temporal pole, Caudate, MFG 187341
R4 M 64.4 11 Right Putamen, Caudate, GP 4146
R5 M 56.9 22 Right Fusiform, Hippocampus, Parahippocampus, Precuneus, Posterior Cingulate, 108636
Calcarine, Cuneus, Thalamus
R6 M 58.0 42 Right Lingual, Cuneus, Calcarine, Inf. Occipital, Fusiform 52896
R7 M 51.0 15 Right IFG, Insula, STG, Precentral, Putamen 44647
R8 M 54.5 105 Right IPL, SMG, Middle Occipital, STG, MTG, Superior Occipital, Precuneus 68839
R9 F 423 16 Right Thalamus, GP, Putamen 4899
R10 F 41.8 16 Right IFG, MFG, Insula, STG, SMG, IPL, Precentral, Putamen, Caudate, Postcentral 128796
R11 F 50.4 40 Right Precentral, IFG, Postcentral, Insula, STG, MFG 69679
R12 M 61.7 27 Right STG, Thalamus, IPL, Putamen, Precentral 34849
R13 M 69.0 29 Right MFG, STG, IFG, Insula, Precentral, Postcentral, IPL, SMG, SFG, Putamen 258635
R14 F 66.1 44 Right Insula, Putamen, Caudate, STG, SMG, IPL, Precentral, IFG 63508
R15 F 52.1 24 Right STG, IFG, MTG, Insula, Precentral, Postcentral, MFG, IPL, SMG 143126
R16 F 69.4 16 Right Inferior Occipital, Fusiform, Lingual, ITG, Middle Occipital 29452
R17 M 74.5 45 Right Precentral, MFG, IFG, Postcentral 4395
R18 M 58.2 1593 Right Putamen, Insula, Caudate 24713
R19 M 49.1 214 Right IFG, STG, Insula, MFG, Putamen, Temporal Pole, Precentral, ITG, Caudate 148454
R20 M 26.1 17 Right Putamen, Caudate, GP, Thalamus 34641
L1 F 54.8 116 Left Postcentral, Precentral, IFG, MFG, Insula, IPL, SMG, Putamen 11491
L2 F 63.9 1066 Left Postcentral, Precentral, IPL, STG, IPL, Middle Occipital, Insula, MTG, SMG, 212322
Precuneus, SPL, Cuneus
L3 M 59.0 173 Left IFG, MFG, Insula, STG, Precentral, Postcentral, SMG, Temporal Pole, IPL 120586
L4 F 43.6 77 Left Hippocampus, ParaHippocampus, Amygdala 5768
L5 F 57.0 455 Left IFG, Insula, STG, Precentral, Putamen, MFG, Temporal pole, Caudate 110585
L6 M 46.7 275 Left STG, MTG, Insula, SMG, IPL, IFG, Precentral, Postcentral 90908
L7 M 67.4 96 Left STG, MTG, IPL, Insula, Middle Occipital, SMG, Precuneus 116536
Middle Occipital
L8 M 57.0 59 Left MTG, STG, ITG, Insula, Temporal Pole, Fusiform 59600
L9 F 39.4 34 Left IFG, Putamen, Caudate, Insula, MFG 39308
L10 M 72.2 67 Left GP, Putamen, Thalamus 2049
L11 F 35.2 58 Left IPL, Postcentral, Insula, IFG, STG, Precentral, MFG, Putamen 175608
L12 M 70.9 25 Left Putamen, Claustrum 3667
L13 M 53.0 46 Left Caudate, Insula 1622
L14 F 48.0 199 Left STG, MTG, IFG, Insula, IPL, SMG, Postcentral, Precentral, MFG, Putamen 185755
L15 M 65.8 137 Left STG, IFG, Insula, MTG, Precentral, Putamen, Postcentral, caudate, MFG 146120
L16 M 213 173 Left IPL, STG, Postcentral, SMG, Insula 60113
L17 M 49.6 96 Left STG, IFG, Insula, MTG, MFG, Temporal Pole, Putamen, Caudate 120671
L18 F 47.9 46 Left MFG, IFG, Precentral, Insula, Postcentral, STG 98284
L19 M 52.7 177 Left Postcentral, IPL, Precentral, Insula, SMA, STG, SFG, SMG, MFG, 138679

Temporal pole, Cingulate, [FG

Patient number (L for LHD, R for RHD). GP, globus pallidus; IFG, inferior frontal gyrus; Inf. Occipital, inferior occipital; IPL, inferior parietal lobule; ITG, inferior temporal gyrus;
MFG, middle frontal gyrus; MTG, middle temporal gyrus; SFG, superior frontal gyrus; SMA, supplementary motor area; SMG, supramarginal gyrus; SPL, superior parietal

lobule; STG, superior temporal gyrus.

P=0.049], between Lesion Side and Stimulus Side
[F(1,36)=20.163, P < 0.001] and between Stimulus Side, Lesion
Side and Task [F(1,36) = 18.504, P < 0.001] but not between Lesion
Side and Task [F(1,36) = 0.029; P=0.865].

Asymmetry in reporting, assessed with the lateralization index,
was compared by 2 x 2 ANOVA with the within-subject factor Task
(dichotic, diotic) and between-subjects factor Lesion Side (LHD,
RHD). We found significant main effects of Task [F(1,36) = 5.407,
P=0.026] and Lesion Side [F(1,36)=13.732, P<0.001] and a
significant interaction [F(1,36) = 10.656, P = 0.002].

Performance in the dichotic task was analyzed with
2 x 2 ANOVA (Fig. 1A; Table 2) with the within-subject factor
Ear (left, right) and between-subjects factor Lesion Side (LHD,
RHD). The main effects of Ear [F(1,37)=0.228, P=0.636] and
Lesion Side [F(1,37)=2.48, P=0.124] were not significant. Their
interaction was significant [F(1,37) = 22.057, P < 0.001], driven by
significantly fewer items reported for the right ear by LHD patients
(left ear, 24.2 + 7.4; right ear: 15.1 & 12.6; t(18) =2.653, P=0.016)
and the left ear by RHD patients (left ear: 17.4 + 10.6; right ear:
283 £2.7; t(19)=-4.292; P <0.001). The Ilateralization index
(Fig. 1B; Table 2) differed significantly between patient groups

(t(37)=-4.350, P < 0.001), LHD patients presenting right ear loss
(mean [SD] -31.7 [51.9]) and RHD patients left ear loss (31.1 [8.35]).

Performance in the diotic task was analyzed by 2 x 2 ANOVA
(Fig. 1A; Table 2) with the within-subject factor Stimulus Side (left,
right) and between-subjects factor Lesion Side (LHD, RHD). The
main effects of Stimulus Side [F(1,36) = 4.871, P = 0.034] and Lesion
Side [F(1,36)=2.321, P=0.136] were not significant. Their
interaction was significant [F(1,36 =7.427, P=0.009], driven by
fewer items reported on the left side by RHD patients (left side,
mean [SD] 18.5 [7.2]; right side: 22.9 [4.5]; t(19)=-4.478,
P <0.001) and equal number of items on either side by LHD
patients (left side: 17.8 [6.8]; right side: 17.2 [8.7]; t(17)=0.381,
P=0.708). The lateralization index differed significantly (Fig. 1B;
Table 2; t(35)=-2.667, P=0.012), LHD patients presenting right
extinction (mean [SD] -6.2 [28.23]) and RHD patients left
extinction (19.3 [14.80]).

3.2. Anatomo-clinical correlations

The anatomical correlates of contralesional extinction were
analyzed by using VLSM with a patient subgroup that included
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those with significant deviation of the lateralization index toward
the side under consideration and those with normal lateralization
index (Fig. 2). In the dichotic task, contralesional extinction was
associated with damage to the superior temporal, precentral and
inferior frontal gyri in the left hemisphere and the superior
temporal, postcentral and inferior frontal gyri as well as the
inferior parietal lobule in the right hemisphere. In the diotic task,
contralesional extinction was associated with damage to the
superior temporal, precentral and postcentral gyri in the left
hemisphere and the superior and middle temporal gyri as well as
the inferior parietal lobule in the right hemisphere.

The correlates of the number of correctly reported words for
either ear/side were analyzed by dichotic and diotic tasks and are
reported in Supplementary Fig. 2.

Ipsilesional extinction was observed during the dichotic task in
2 LHD patients (L3,L12) and in the diotic task in 4 LHD patients (L1,
L10,L11,L12) but not in RHD patients. Analysis of 5 LHD individual
cases highlighted the critical role of deep interhemispheric white
matter (Fig. 3). Ipsilesional extinction in the dichotic task was
associated with a large fronto-temporo-parietal (L3) or a small
basal ganglia lesion (L12). Ipsilesional extinction in the diotic task
was associated with a large fronto-temporo-parietal lesion
including basal ganglia (L1, L11) or a small basal ganglia lesion
(L10, L12).

Bilateral symmetrical extinction was assessed in a subpopula-
tion of patients who did not present significant asymmetry in
reporting (Fig. 4). For dichotic listening, this was the case for
10 patients with LHD and 10 with RHD. In each group, 3/10
patients had deficient scores in reporting items presented to both
the right and left ear. For diotic listening, this was the case for
11 patients with LHD and 13 with RHD. Four LHD and 3 RHD

patients had deficient scores in reporting items presented on both
the right and left side. The anatomical correlate of decreased total
number reported without a significant asymmetry showed clear
hemispheric differences; a large region was highlighted in the left
hemisphere and a much smaller one in the right hemisphere. For
dichotic listening, these regions included the inferior parietal
lobule, posterior parts of the middle and inferior frontal gyri, the
insula, and the internal capsula on the left side and the planum
temporale on the right side. For diotic listening, critical regions
included the inferior parietal lobule, posterior parts of the middle
and inferior frontal gyri, supratemporal plane, superior temporal
gyrus, insula, basal ganglia, internal capsula, and paraventricular
white matter on the left side and the inferior parietal lobule and
posterior part of the planum temporale on the right side.

4. Discussion

We found RHD associated with exclusively contralesional
extinction both in dichotic and diotic tasks and LHD with contra- or
ipsilesional extinction. In addition, we observed bilateral symmet-
rical extinction after RHD or LHD, in dichotic or diotic listening.
These different types of extinctions offer an interesting insight into
the organisation of the auditory and attentional systems.

4.1. Left extinction after RHD

The anatomical correlates of left extinction differed in part
between ear- versus space-related tasks. Left ear extinction in RHD
was associated with lesions of the inferior parietal lobule, superior
and middle temporal gyri, planum temporale, insula, posterior
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Table 2

Behavioural performance of patients with right hemispheric damage (R1 to R20) and left hemispheric damage (L1 to L19) on the dichotic listening, diotic listening and

localization tasks (n=39).

Patient  Dichotic listening Diotic listening Localization
Lateralization Total left Total right Total Lateralization Total left Total right Total Global Alloacusis Center Index of
index ear ear index side side score response asymmetry

R1 46.3 11 30 41 2.7 18 19 37 34 14 0.83 6
R2 100 0 28 28 7.6 24 28 52 57 0 25 0
R3 14.9 20 27 47 0 24 24 48 56 0 -2.5 0
R4 10 18 22 40 69.2 2 11 13 56 1 8.33 1
R5 2.1 23 24 47 8.3 22 26 48 55 0 12.08 0
R6 25 18 30 48 22 16 25 41 56 0 15.3 0
R7 9.1 25 30 55 9.8 23 28 51 57 0 0 0
R8 61.1 7 29 36 231 10 16 26 51 1 29.17 0
R9 0 29 29 58 4.2 23 25 48 55 0 417 0
R10 1.7 29 30 59 0 29 29 58 50 0 27.92 -1
R11 3.6 27 29 56 2.9 17 18 35 59 1 2.92 1
R12 100 0 30 30 55.6 6 21 27 58 0 18.33 0
R13 81.8 3 30 33 28.2 14 25 39 56 0 42.08 0
R14 1.8 28 29 57 2 25 26 51 53 11 52.5 11
R15 100 0 30 30 35.7 9 19 28 52 0 225 0
R16 46.3 11 30 41 11.1 20 25 45 55 0 5.42 0
R17 2 25 26 51 53 18 20 38 50 0 -2.92 0
R18 53 27 30 57 4.4 22 24 46 54 0 5.83 0
R19 3.5 28 30 58 -39 27 25 52 57 0 -1417 0
R20 7.9 19 22 41 7 20 23 43 58 0 2.08 0
L1 5.9 8 9 17 214 11 17 28 52 0 4.17 0
L2 -7.7 21 18 39 -4.8 22 20 42 49 0 -0.83 1
L3 36.8 6 13 19 11.1 8 10 18 58 4 1.25 1
L4 -1.7 30 29 59 -1.7 30 29 59 58 0 4.58 0
L5 -87.1 29 2 31 -5 21 19 40 59 0 2.08 0
L6 —85.7 26 2 28 -54.6 17 5 22 59 0 0 0
L7 -100 30 0 30 -37.5 11 5 16 56 0 6.67 0
L8 -59 27 24 51 0 21 21 42 59 0 2.92 0
L9 0 30 30 60 1.8 27 28 55 57 0 0 0
L10 35 28 30 58 18 16 23 39 58 0 1.67 0
L11 -1.8 29 28 57 171 17 24 41 58 0 2542 0
L12 333 14 28 42 235 13 21 34 57 0 4417 0
L13 0 20 20 40 2.7 18 19 37 57 0 0 0
L14 -100 30 0 30 54 0 2.08 0
L15 -100 29 0 29 -11.1 5 4 9 58 0 0 0
L16 -100 28 0 28 -11.1 15 12 27 54 0 23 0
L17 -100 29 0 29 -82.6 21 2 23 57 1 1.17 1
L18 9.8 23 28 51 -3.7 28 26 54 57 0 -5 0
L19 -2 26 25 51 11.1 20 25 45 58 0 0.42 0

For the dichotic and diotic listening tasks, the lateralization index, number of items reported for each ear/side and total number of items reported for both ears/sides are
reported. For the localization task, the global score corresponding to the total number of correct responses, the number of alloacusis, the mean angle reported for stimuli
presented on the center and the index of response bias (for more details on these measures see Bellmann et al. (2001)) are reported. Values outside the limits of normal

performance are in bold.

parts of the inferior and middle frontal gyri, and, partially,
paraventricular white matter. This large region corresponds to
that described in previous studies of auditory neglect [4-8].
Furthermore, the involvement of the supramarginal and
superior temporal gyri was expected from a previous study of
repetitive transcranial magnetic stimulation used in normal
subjects for either region and yielding (transient) left ear
extinction [18].

Left extinction in the diotic task was correlated with lesions of a
much smaller region, limited to the posterior part of the superior
temporal gyrus, the planum temporale and parts of the middle
temporal gyrus. Together with previously published data, this
finding clearly indicates that left ear and left side extinction
depends on partially different neural substrates. Damage to the
parietal and frontal cortex is not essential for left side extinction in
diotic listening, as it is for left ear extinction in dichotic listening.
As reported previously, left extinction in diotic listening can be
associated with lesions centred on basal ganglia [7]. Basal ganglia
was not critical in our study, most likely because the neglect
profiles in the 2 studies differed. Here we included 20 patients with
right hemispheric damage, 7 with left extinction in diotic and

dichotic tasks, associated in all but 1 with significant rightward
shift in sound localization. Thus, we analysed the anatomical
correlates of the association between left extinction and rightward
shift in sound localization. This was not addressed in the first
study, which reported 2 cases of left extinction on diotic plus
dichotic listening without auditory spatial deficits, thereby
highlighting regions outside the parieto-temporal cortex. Taken
together, these studies indicate that both the inferior parietal
lobule and basal ganglia contribute to diotic listening performance,
possibly to different aspects of this task.

The difference in the neural substrate of left extinction in
dichotic versus diotic tasks offers an explanation for the
previously described double dissociation between these 2 key
symptoms of auditory neglect [8] and the differential effect of
prismatic adaptation [16]. The latter study [16] confirmed the
previously reported alleviation of left ear extinction by rightward
prismatic adaptation [15] but found no or even detrimental
effect on extinction in diotic tasks [16]. The differential role of
the parietal cortex versus basal ganglia in auditory spatial
attention may contribute to this difference but needs further
investigation.
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LATERALIZATION INDEX

Right Ear extinction

LATERALIZATION INDEX

Left Side extinction

LHD

Right Side extinction

Fig. 2. Voxel-Lesion Symptom-Mapping (VLSM) analysis of unilateral extinction in dichotic (top part) and diotic tasks (bottom part) after RHD and LHD.

Additionally, the reported double dissociation also confirms
that distinct mechanisms were tested with each task and that
differences in performance could not be attributed to differences in
task difficulty.

4.2. Contralesional extinction after LHD

Right extinction on dichotic or diotic tasks was associated with
LHD, involving the inferior parietal lobule, superior and middle
temporal gyri, supratemporal plane, insula, lenticular nucleus,
posterior parts of inferior and middle frontal gyri, and paraven-
tricular white matter. Furthermore, the contralesional ear extinc-
tion in LHD involved an approximately similar set of regions as in
RHD, in agreement with previous lesion and activation studies. The
extinction of contralesional stimuli during dichotic listening in
RHD or LHD was already reported in the early, seminal study by De
Renzi et al. [19]. Subsequent activation studies highlighted the
involvement of the superior temporal gyrus bilaterally as well as
the left middle temporal gyrus and right inferior temporal gyrus
[20,21] and by increasing the attentional load, inferior frontal
gyrus, anterior cingulate regions, and intraparietal sulcus bilater-
ally [22].

4.3. Ipsilesional extinction after LDH

Ipsilesional extinction was present in 5 patients with LHD.
Because this is a relatively low number for a group analysis, we
analysed each case individually (Fig. 3). The observation that LHD
but not RHD can lead to ipsilesional extinction is congruent with
previous reports. Left ear extinction has been reported outside the
neglect syndrome, with damage to the callosal pathway, particu-
larly the splenium and/or isthmus [23-26]. In the present study we
found a significant decrease in left ear reporting after LHD. None of
these cases sustained damage to the corpus callosum per se (i.e., at

midsagittal plane) or to periventricular white matter, but callosal
fibres were most likely damaged further down in their intrahe-
mispheric trajectory, in the white matter of the inferior parietal
lobule, insula and inferior and middle frontal gyri.

Ipsilesional, left side extinction on diotic listening, was reported
in a case of left parieto-fronto-occipital lesion [8]. Our study
confirms this finding with 4 new cases and highlights the critical
role of fronto-parietal convexity and underlying white matter.

4.4. Bilateral extinction

The bilateral decrease in reporting items without a significant
asymmetry constitutes a very special case of extinction. Hypo-
thetically, 2 different mechanisms are likely involved. First, the
ability to segregate sound objects on the basis of spatial cues may
be critical [9,27,28]. Speech intelligibility was repeatedly shown to
benefit from spatial separation of sound streams [29,30], and
activation studies highlighted the role of the supratemporal plane
in streaming [31,32]. More specifically, the combined encoding of
the meaning of sound objects and their position was shown to
depend on a predominantly left-hemispheric network, involving
the posterior temporal and prefrontal cortices [33]. This critical
role of a left hemispheric network is supported by our findings,
showing that LHD was indeed associated with bilateral, symmet-
rical decrease of reporting. For dichotic listening, the critical
regions included the inferior parietal lobule, posterior parts of
middle and inferior frontal gyri, insula, and internal capsula. For
diotic listening, the supratemporal plane, basal ganglia and
paraventricular white matter were involved, in addition to the
same set of regions. Second, the right hemispheric attentional
system may play a role in following two streams of stimuli at the
same time. Divided attention tasks engage a widespread,
predominantly right hemispheric network involving the prefrontal
cortex, inferior parietal lobule and claustrum [34]. The VLSM
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Left extinction in LHD patients
Dichotic listening task

Fig. 3. Brain lesions of 5 LHD patients presenting ipsilesional extinction in dichotic (L3, L12) and diotic tasks (L1, L10, L11, L12).

analysis of bilateral extinction within the right hemisphere
highlighted only very small clusters in the dichotic task and only
marginally larger regions within the inferior parietal lobule and the
posterior part of the planum temporale for the diotic task.

5. Conclusions

The anatomo-clinical correlates of different types of auditory
extinction offer interesting insights into the organisation of the
auditory and attentional systems. First, they unravel a difference in
the neural substrate of left extinction in dichotic versus diotic tasks
and hence offer an explanation for a previously described double
dissociation between the 2 key symptoms of auditory neglect.
Second, contralesional extinction in dichotic listening appears to
rely on a very similar neural substrate in either hemisphere; thus,
both right and left auditory cortex are involved, each critical for
information provided by the contralesional ear. Third, ipsilesional

extinction in dichotic listening after LHD was associated with
lesions involving intrahemispheric white matter; thus, the callosal
disconnection, which is believed to cause this deficit, can also occur
in cases of intrahemispheric and not just midsagittal or periven-
tricular interruptions of the callosal pathway. Fourth, bilateral
symmetrical extinction was associated with LHD in a large parieto-
fronto-temporal region and with RHD in a smaller parieto-
temporal region, which indicates that divided attention, supported
by the right hemisphere, and auditory streaming, supported by the
left, likely play a critical role.

These findings are of direct clinical relevance for the
neurorehabilitation of auditory spatial deficits. First, they under-
line once more the heterogeneity of the neglect syndrome and its
anatomical substrate. This heterogeneity is most likely one of the
reasons why meta-analyses of randomized control trials tend to
reveal a relative lack of efficiency (for a review see [35]).
Identifying responders and non-responders to a specific therapeu-
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BILATERAL EXTINCTION

Dichotic listening

2.4

Z score

Fig. 4. VLSM analysis of bilateral extinction without significant asymmetry in dichotic (top part; 10 RHD, 10 LHD) and diotic tasks (bottom part; 13 RHD, 11 LHD).

tic intervention should improve the impact of treatments; a first
study identified the lesion profile of patients with auditory neglect
who responded to prismatic adaptation [16].
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ABSTRACT

Previous studies reported a double dissociation between deficits in explicit sound localization
and in sound object segregation on the basis of implicit use of spatial cues, suggesting the
existence of a position-linked representation of sound objects that is distinct from the position-
independent representation within the ventral auditory stream and from the explicit sound
localization processing within the dorsal stream. Here we provide evidence for the anatomical
substrate of spatial-cue based sound object segregation.

Fifty-seven participants (17 controls; 20 patients with left and 20 with right hemispheric
damage) were assessed for explicit sound localization and for the effect of spatial release from
masking (SRM). The latter used two simultaneous environmental sounds; the position of the
masker varied (a central and 2 positions within each hemispace, simulated with interaural time
differences) whereas the target remained central. VVoxel-based Lesion-Symptom Mapping
(VLSM) was applied to either task.

Performance in the explicit localization task depended critically on the right parietal cortex,
confirming the role of the right dorsal auditory pathway in explicit localization.

For the SRM task, separate VLSM analysis was performed for each of the 5 masker positions.
It highlighted the critical role of a large temporo-parieto-frontal region within the left
hemisphere, independently of the position of the masker. In addition, a smaller parieto-temporal
region was highlighted, more specifically when the masker was central or to the right.

Thus, explicit and implicit use of spatial cues depend on at least partially distinct neural
networks. The involvement of a left temporo-parieto-frontal network in the SRM effect is in
agreement with the role of a left temporo-frontal network in position-linked representation of

sound objects, which was reported in a previous EEG study.



Abbreviations
SRM: Spatial Release from Masking task
LHD: left hemispheric damaged
RHD: right hemispheric damaged
CTRL.: control group
I1D: interaural intensity differences
ITD: interaural time differences

VLSM: Voxel-Lesion Symptom-Mapping

Key-words
Lesion studies, auditory spatial processing, attention, sound object segregation, unilateral

neglect



Introduction

Patients who sustained left or right hemispheric lesions often complain of major difficulties
when they are confronted with noisy surroundings. These complaints can occur without history
of classical neuropsychological syndromes, such as speech and language deficits, attentional
deficits or auditory agnosia, as well as without peripheral auditory loss or damage to brainstem
auditory structures. The key features of these complaints, being unable to focus on specific
speakers and extreme tiredness after even short periods of exposure to noisy surroundings are
reminiscent of faulty auditory streaming, i. e. the segregation of different sound objects, which

constitute an auditory scene.

Sound object segregation is the ability to separate competing oncoming sounds into distinct
sound objects. This important component of the auditory scene analysis involves the processing
of implicit spatial cues in order to correctly separate the competing sounds (Bregman, 1994;
Roman et al., 2002). Deficits following brain lesions were shown in numerous studies (Carlyon
et al., 2001; Carlyon, 2004; Darwin, 1997; Litovsky et al., 2002; Thiran and Clarke, 2003).
Neural correlates of sound object segregation were investigated in distinct neuroimaging studies
and results showed a bilateral involvement of the primary and associative auditory cortex as
well as a contribution of subcortical structures (Arnott et al., 2011; Dyson and Alain, 2003;

Litovsky et al., 2002; Pressnitzer et al., 2008).

‘Auditory Scene Analysis’ (Bregman, 1994; Carlyon, 2004) refers to the ability to correctly
listen to one sound when it is surrounded by noise. Two sounds starting and stopping
synchronously and with a same pitch will be perceived as coming from a unique source

(Assmann and Summerfield, 1990). For the listener to segregate both sounds and be able to



recognize the sound object of interest several binaural cues are needed. An important cue is
interaural intensity differences (11Ds). Studies have shown that if two people are simultaneously
talking to a listener, his ability to understand one speech is increased if he attends to the hear
that is closer from him (Bronkhorst and Plomp, 1988; Culling and Summerfield, 1995). Lots of
studies have investigated the role of interaural time differences (ITDs) and did not found any
implication of this cue in this mechanism (Culling and Summerfield, 1995; Darwin, 1997;
Gockel and Carlyon, 1998; Licklider, 1948). However, one study investigated the role of spatial
location in sound segregation in a free-field set-up and found that some participants could use
ITDs to perform the task following training (Drennan et al., 2003). Studies investigating
Binaural Masking Level Difference (BMLD) have highlighted another cue used to segregate
sounds, it is the decorrelation induced by the second sound on the two ears (Grantham, D.W,
1995; Jeffress, L.A. et al., 1952). Indeed, it has been demonstrated that the waveforms from one
sound stream are correlated when arriving at both ears (Akeroyd and Summerfield, 2000;
Culling and Colburn, 2000; Culling and Summerfield, 1995). When there is a second sound
stream, it will have energies in several identical frequency regions meaning that for several
auditory nerve fibers it will be a mixture of both sound streams. The listener will use the second
sound stream to decorrelate the information arriving in both ears, first based on the fact that the
second sound stream does not arrive from the same position and by this reason has not the same
I1Ds or ITDs and second based on the frequency regions where this second stream has the most
energy. Decorrelation actually enhances signal detection and has been shown to be related to
the inferior colliculus (Palmer & Shackleton, 2002). Another study shown the involvement of
the intraparietal sulcus in the auditory streaming, suggesting that at a later stage there are supra-

modal regions that treat the output of the perceptual organization (Cusack, 2005).



Spatial release from masking (SRM) is a paradigm used to investigate the role of implicit spatial
cues in sound object detection (Carhart et al., 1967; Culling et al., 2004; Hawley et al., 1999,
2004; Saupe et al., 2010; Thiran and Clarke, 2003). During auditory scene analysis, the listener
has to identify sounds that can overlap temporally, spectrally or spatially. Informational
masking refers to the difficulty to identify sounds when they are highly similar (Kidd et al.,
2002; Neff, 1995). It has been demonstrated that when informational masking is large, spatial
cues become more important (Arbogast et al., 2002; Kidd et al., 1998). The SRM paradigm
investigates the increased performance in target detection when the target and the masker sound
are spatially separated. Indeed, spatially separating both sounds elicits a certain amount of

release from masking.

Right-hemispheric dominance for sound localization was demonstrated by several studies
including healthy controls or patients following unilateral brain lesions (Brunetti et al., 2005;
Duhamel et al., 1986; Haeske-Dewick et al., 1996; Kaiser et al., 2000; Maeder et al., 2001;

Spierer et al., 2009; Tanaka et al., 1999).

Double dissociations between deficits in sound localization and sound object segregation
observed in stroke patients (Duffour-Nikolov et al., 2012) suggest that the implicit and explicit

use of spatial cues might rely on distinct, or at least partially distinct, neural correlates.

The two objectives of the present study were to investigate the neural substrates of the implicit
use of spatial cues and to understand the impact of unilateral neglect. Two different tasks
targeting separately the implicit (SRM) and explicit (auditory lateralization paradigm) use of
spatial cues abilities were used as well as anatomo-clinical correlations with the VVoxel-Lesion

Symptom-Mapping (VLSM) method. This mass-univariate statistical method was chosen to



test the impact of each voxel of the brain lesions of the patients on their performances at the
auditory spatial tasks. By testing independently each voxel it allows determining its specific
importance for these cognitive functions. In comparison to other neuroimaging methods in
lesion studies, VLSM is essential because it says that if a stroke causes a behavioural deficit
then the territory affected is essential for the normal functioning of this behaviour (Sperber and

Karnath, 2017).

The above quoted evidence suggests that the implicit use of spatial cues is at least partially
independent of the explicit use of spatial cues in sound localization. Understanding the nature

of deficits of auditory streaming may help to define therapeutic approaches.

Materials and Methods

Sample

Fifty-seven subjects were included in this study: i) 17 healthy young right-handed subjects (8
males; mean age = 26.47y, SD = 3.64) with no history of neurological or psychiatric disorders;
il) 20 patients following a first left-sided unilateral stroke (12 males; mean age = 51.3y, SD =
14.8); iii) 20 patients following a first right-sided unilateral stroke (12 males; mean age = 55.4y,
SD = 11.4). All patients but two were right-handed. An independent samples t-test confirmed
that both patient groups did not differ in lesion size (Figure 1.A): (t (38) = 27.85, p=.351, LBD:
M=119285 ml; RBD: M= 84266 ml), nor in age (t (38) = 35.61, p=.35, LBD: M=51.35 years
old; RBD: M= 55.35 years old). Clinical and demographical data are provided in the
Supplementary Table 1. All participants provided an informed consent form according to the

procedures approved by the Ethic Committee of the Canton de Vaud, Switzerland.



Patients were tested on the subacute phase of the stroke (on average 126.5 days after the brain
lesion (SD = 253.7, range [11, 1593]). On the delay post-stroke, an independent sample t-test
was performed and showed that RBD patients were tested significantly sooner than LBD
patients (t (38) = 27.88, p= .03, LBD: M= 128.95 days; RBD: M= 47.1 days). The range in
delay post-stroke is however equivalent for both groups, LBD [25; 1066] and RBD [11; 1593].
LBD patients were tested significantly later than RBD patients. This is related to the inclusion
criteria. Indeed, to be able to complete the tasks, participants needed to fully understand what
was expected from the task and to be able to express their understanding. With VVoxel-lesion
Symptom-mapping it is very important to equally sample all groups’ lesions (to have small and
large lesions in each group). In order to have right and left hemispheric lesions as comparable
as possible in order to get powerful statistical results, the patients with large lesions to the left
hemisphere were included too. This implies aphasic patients with comprehension and
expression deficits. So, to do not exclude these patients, an additional delay was added for them
to recover enough. However, an impact of the delay post-stroke was excluded by investigating

its effect on the behavioural measures of interest (see Results section).



Overlap of left and right hemispheric lesions
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Figure 1. A. Group lesions overlap for LHD (n = 20) and RHD (n = 20) patients. B. Illustration
of the two paradigms used in the present study.

Spatial Release from Masking task (implicit use of spatial cues)

This test is a detection task that consists of two sound objects presented concurrently, one being
masked by the second (Figure 1.B). The target, which is an 800 ms cry of a tawny owl (20-5000
Hz, centered between 350 and 900 Hz; “All Birds of Europe”, Delachaux & Niestl¢) was always
presented at the same spatial position, simulated to be at the center of the head (0° ITD). The
masker consisted of a 2.5 seconds helicopter sound (20-5500 Hz, the frequency region
containing the dominant sound energy around 700 Hz; Nathan Sound Loto) and was presented
at 5 different spatial location simulated by ITD, one being identical to the cue and four lateral

positions. The task’s requirement was to detect the target hidden by the masking sound. 86



items were presented to the subjects, of whom 43 were the masker alone and 35 the masker
with the target. In order to avoid expectation of the target, 8 trials (distractors) were added to
the test but not included in the result analysis. In half of them target began 500 ms after the
masking sound and in the other half 1500 ms after. Subjects were instructed to respond by
answering “yes” when they detected the target. Performance was measured by calculating a d
prime. The current task is close to the task validated on a control population of 60 subjects
(mean age: 41.8y, SD 15.9y; Bellmann-Thiran & Clarke, 2003) and on stroke patients (Duffour-
Nikolov et al., 2012). The differences between our task and the previous ones is the number of
masker sound positions, in the current study we kept only five positions (i.e. far left, left, center,
right, far right). In the control population mentioned above, when the masker is presented
centrally, individual performance are heterogenous: over 60% of the subjects fail completely to
detect the target, others detect it less often and a small number of subjects detects it as often as
when the masker is in the periphery. On average, normal subjects detect the target less often
when the masker is in central than in peripheral positions creating a U-shaped curve of
performance (see Figure 3 in Thiran & Clarke, 2003). To extract from the behavioural
performances the ability to use spatial cues, an index was calculated. This index corresponds to
the distance between the performance for a lateral position and the performance for the central
position. If a patient cannot use the spatial cues to improve target detection, then the
performances for the lateral positions will be similar to the performance for the central position.
If the patient can use the spatial cues, then the performances for the lateral positions will be

higher. This measure was used for VLSM analyses.

Auditory lateralization task (explicit use of spatial cues)
This test has been described in previous studies (Clarke et al., 2000; Bellman et al., 2001)

(Figure 1.B). It consists of 60 sounds of a bumblebee, ranging from 20 to 10000 Hz presented
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during 2 seconds including 100 ms rising and falling times. Five different azimuthal positions
(12 sounds at each position) were simulated by varying the ITD creating one central (no ITD)
and four lateral intra-cranial positions, two in each hemispace. For lateral positions, the ITD
was 0.3 ms (intermediate lateralization) or 1 ms (extreme lateralization). The task consisted to
indicate precisely the perceived position of the blumblebee on a graduated semi-circle affixed
on the headphone (from 0° at the vertex to 90° at each ear) with the index finger of the
ipsilesional hand and of the right hand for the control group. Performance at this task was
measured by calculating a relative score, i.e. the Global score, based on the comparison of the
relative positions attributed to two consecutive stimuli (Spierer et al., 2009). When a stimulus
was correctly placed to the left or to the right of the previous stimulus in correspondence with
the difference in ITD or within £10° of the previous location for identical stimuli, the response

was counted as correct (maximal score 59).

Statistical analyses of behavioural data

For each task, mixed-design ANOVA’s were performed using a specific hierarchy. The first
ANOVA meant to assess the difference between patients and control subjects on behavioural
performances. The second ANOVA meant to assess differences between groups (LHD, RHD,
CTRL) on behavioural performances. Finally, a Post-Hoc ANOVA selecting only the two

groups of patients meant to assess the impact of the lesion side on behavioural performances.

Delay post-stroke was investigated using a mixed-design ANOVA for SRM behavioural

measures and a one-way ANOVA for the auditory lateralization task measure.

Analyses were processed using R (R Development Core Team, 2008, Vienna, Austria).
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Voxel-Lesion Symptom-Mapping

Voxel-lesion symptom-mapping (VLSM) was used to investigate the relationship between the
anatomy of the brain lesions and the behavioural deficits observed following a first unilateral
stroke. VLSM is a mass-univariate analysis method allowing testing each voxel separately and

determining its impact on a particular behaviour of interest when this voxel is damaged.

Lesions were drawn on MRI or CT scans of the 40 patients on axial slices using the MITK 3M3
software and then normalized on the standard Montreal Neurological Institute’s (MNI) brain
template (Rorden and Brett, 2000; Brett et al., 2001). Then, VLSM statistical analyses were
performed on the normalized lesions with the Non-Parametric Mapping toolbox (NPM) from
MRICroN software package (Rorden et al., 2007). Minimal group-size for analysis was set to
15% of patients, i.e. t-tests were restricted to voxels where there were at least three patients in
each group (with or without lesion). The statistical test used was the Brunner-Munzel test, FDR-

corrected, tBM-map intensity [0, 4].

In order to extract the brain regions only important for the implicit use of spatial cues we used
the following normalized behavioural measure (Supplementary Table 2): we calculated the
distance between the accuracy for the central position and each of the four lateral positions (LL-
CE, L-CE, RR-CE, R-CE). If a patient presents a small distance it will mean that he cannot
benefit from the implicit spatial cues to improve his accuracy for the lateral position. VLSM

analyses were performed on these normalized behavioural data.
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Behavioural results

Spatial Release from Masking Task (implicit use of spatial cues)

ANOVA 1 - Group (patients, CTRL) vs Mask position (far left, left, center, right, far right)

A mixed-design ANOVA with the Greenhouse-Geisser correction was conducted with the
factor Group (patients, CTRL) as a between-subjects factor and the factor Mask position (far
left, left, center, right, far right) as a within-subject factor (Supplementary Table 2). Results
showed a main effect of Group [F (1, 55) = 33.694, p < .001], a main effect of Mask position
[F (4, 55) = 44.319, p < .001] and an interaction between Group and Mask position [F (4, 55)
=6.543, p <.001]. These results mean that patients performed significantly worse than controls
and that performance for the central position of the masker sound was significantly worse than
for the other positions, showing the spatial release from masking effect. Interaction between
Group and Mask position is related to the fact that controls only show a decreased performance
for central masker sound positions, whereas patients show a gradient of decrease in performance
between positions. Post-hoc independent samples t-tests, Bonferroni-corrected, were conducted
to understand these significant results. Results show that both groups (patients and CTRL) have
statistically different performances for each mask position: far left-controls (M=4.3, SD=0.27),
far left-patients (M=3.3, SD=1.35); t (46) = 4.73, p < .005. Left-controls (M=4.3, SD=0.37),
left-patients (M=2.1, SD=1.57); t (48) = 8.15, p < .005. Center-controls (M=2.92, SD=1.18),
center-patients (M=0.67, SD=1.3); t (55) = 6.15, p < .005. Right-controls (M=4.1, SD=0.55),
right-patients (M=1.97, SD=1.34); t (55) = 8.41, p <.005. Far right-controls (M=4.1, SD=0.59),

far right-patients (M=2.98, SD=1.58); t (54) = 3.98, p <.005.
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ANOVA 2 — Group (LHD, RHD, CTRL) vs Mask position (far left, left, center, right, far right)
A mixed-design ANOVA with the Greenhouse-Geisser correction was conducted with the
factor Group (LHD, RHD, CTRL) as a between-subjects factor and the factor Mask position
(far left, left, center, right, far right) as a within-subject factor. Results showed a main effect of
Group [F (2, 54) = 21.85, p <.001], a main effect of Mask position [F (4, 54) = 64.02, p <.001]
and an interaction between Group and Mask position [F (8, 54) = 3.83, p = .003]. The main
effect of Group is related to the fact that both groups of patients’ performance was significantly
lower than the control group’s performance. Main effect of Mask Position is related to the fact
that each group showed the spatial release from masking effect, meaning a lower performance
when the masker sound was at the central position. The interaction between Group and Mask
position is related to the fact that controls only show a significant decrease of performance for
the central position, whereas both groups of patients shows significant decreases, gradually

from central to lateral positions.

ANOVA 3 - Group (LHD, HBD) vs Mask position (far left, left, center, right, far right)

A mixed-design ANOVA with the Greenhouse-Geisser correction was conducted with the
Mask position at the SRM task (far left, left, center, right, far right) as a within-subject factor
and Group (LHD, RHD) as a between-subjects factor. Results showed a significant main effect
of Group [F (1, 38) = 4.86, p = .03] and a main effect of Mask position [F (4, 38) = 55.16, p
<.001], but no interaction between these two factors. Post-hoc independent-samples t-tests
showed that both groups have significantly different results at two mask positions: right, LHD
(M=2.48, SD=1.32), RHD (M=1.47, SD=1.2); t (38) = 2.53, p = .016; and far right, LHD

(M=3.55, SD=1.33), RHD (M=2.42, SD=1.64): t (38) = 2.41, p = .02.
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Auditory lateralization task (explicit use of spatial cues)

ANOVA 1 — Group (Patients, CTRL)
A one-way ANOVA was conducted on the Global score (Supplementary Table 2) with the
factors Group (patients, controls) and did not show any significant result [F (1, 56) = 0.17,p =

681].

ANOVA 2 — Group (LHD, RHD, CTRL)
A one-way ANOVA was conducted on the Global score with the factors Group (LHD, RHD,

CTRL) and did not show any significant result [F (2, 56) = 2.747, p = .073].

ANOVA 3 - Group (LHD, RHD)
A one-way ANOVA on the Global score at the explicit localization task with the factors Group

(LHD, RHD) showed a tendency, but no significant result [F (1, 40) = 3.97, p = .053].

Delay Post-Stroke

The effect of the delay post-stroke was investigated using a mixed-design ANOVA on the SRM
behavioural measures and a one-way ANOVA on the auditory lateralization measure in order
to ensure that delay would not affect the performances at either task. On the SRM task, an
ANOVA was performed to assess the effect of the fixed variable Delay on the factor Mask
position (far left, left, center, right, far right). Results showed no statistical significant effect for
the interaction of Delay and Mask Position [F (4, 35) =.493, p =.991], indicating that the delay
post-stroke does not modulate the accuracy for any masker position. On the auditory

lateralization task, results showed no statistical significant effect for the Delay on the relative
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score [F (1, 39) =4.189, p =.057], indicating that the delay post-stroke has no effect on auditory

localization.

Imaging results

Voxel-Lesion Symptom-Mapping

VLSM results show the regions in both hemispheres important for the correct use of implicit

spatial cues for auditory streaming (Figure 2).

In the left hemisphere, the regions important for sound object segregation in the left auditory
space are located on the precentral and postcentral gyri and on the inferior frontal cortex. For
sound object segregation in the right auditory space, the regions important are located on the

precentral, middle temporal and angular gyri.

In the right hemisphere, the regions important for sound object segregation in the left auditory
space are located on the supramarginal and inferior frontal gyri. For sound object segregation
in the right auditory space, the regions important are located on the supramarginal, angular,

inferior frontal and superior temporal gyri.
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Figure 2. VLSM results showing the relationship between the performances at the SRM task,
as calculated with the normalized behavioural index and brain lesions, for both patient groups
(n = 40). The tBM-maps only show the voxels significantly important for the performance at
the task, first for the left hemisphere, then for the right hemisphere. Brunner-Munzel test, FDR-
corrected, tBM-map intensity [0, 2.4].

Discussion

Aim of the present study was to compare two mechanisms involving different spatial
mechanisms in large group of patients with similar brain lesions. This was with the specific
objective to determine if both mechanisms rely on the same neural structures or not. Results
clearly demonstrated that sound object segregation involves bilateral regions but relies
predominantly in left fronto-temporo-parietal areas, while the explicit use of spatial cues
involved in sound object localization relies on the right dorsal attentional pathway

(Supplementary Figure).
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Our findings demonstrate that the cortical regions shown to be involved more specifically in
sound object segregation on the basis of the implicit spatial cues, meaning not on the basis of
the other features of sounds like fundamental frequency, spectral or temporal envelope, are
linked to the precentral, middle temporal and angular gyri on the left and to the supramarginal,

angular, inferior frontal and superior temporal gyri on the right.

Vision and audition differ in their processing of spatial information. In vision, research on
selective attention demonstrated over the years how it can be explicitly directed in space or
implicitly guided with exogenous cues (Posner et al., 1980). In vision, encoding of object’s
location requires fewer demands than their timing’s encoding. Auditory spatial information is
processed more indirectly than in the visual modality (Middlebrooks and Green, 1991). Indeed,
given the anatomy and function of the auditory system, its highly precise mechanism is
temporal processing while spatial processing actually requires more than just the encoding of
time. The importance of explicit spatial cues in the visual domain biased studies on auditory
space processing towards explicit sound localization. Both mechanisms, processing of explicit
(i.e. exogenous) and implicit (i.e. endogenous) spatial cues, co-exist in each modality but due
to the fact that research was biased towards vision’s studies, less is known about the use of

implicit spatial cues than about the explicit use of spatial cues.

Moreover, our results also permitted to see the impact of left unilateral neglect on the implicit
use of spatial cues. Indeed, RHD patients showed an asymmetry of performance. Their
performance was globally lower than the one of the LHD group for all positions, but more so
for positions on the right hemispace. This result was driven by the masker sound, when
presented on the left hemispace and therefore neglected by the patient, having less impact on

the detection of the central target.

18



Strong evidences arising from our results are supporting previous findings on the impact of the
implicit use of spatial cues in sound object segregation. The behavioural results indicate that
the performance for each group was different for neighbouring positions, with a masking effect
decreasing when the distance between competing sounds increases. This result demonstrates
that the spatial separation of the competing sounds has an effect on the signal detection. Overall,
at a group level, all three groups have a preserved spatial release from masking effect. However,
it is well-known that selecting one sound over a mixture of sounds is a process that involves
exogenous stimulus-driven mechanisms, as well as endogenous attentional mechanisms (see
Sussman, 2017 for a review). In fact, distinction between both patient groups in the right
hemifield is telling us that for RHD patients when the masker sound is at a position on the right
hemifield it has more impact than when it is on the left hemifield, because when the masker
sound is on the left hemifield, the RHD patients are neglecting it. Again, these behavioural
results suggest that the neural networks involved in unilateral spatial neglect need to be

preserved for the correct execution of this task.

Third auditory pathway

The processing of sounds in the human auditory cortex is divided around two main streams.
Sound object recognition is known to rely on superior and middle temporal regions as well as
the inferior frontal cortex, whereas sound location processing relies on parietal and superior
frontal regions (Ahveninen et al., 2006; Alain et al., 2001; Arnott et al., 2004; Clarke et al.,
2002, 2000; De Santis et al., 2007; Engelien et al., 1995; Romanski et al., 1999; Tian et al.,
2001). These two distinct main streams are known as the ventral and the dorsal auditory streams
and together form the dual pathway theory. However, the dorsal stream has been shown to be
also involved in sound object recognition when the semantic category of these sound objects

involves motor action (De Lucia et al., 2010; Gazzola et al., 2006; Hauk et al., 2006; Lahav et

19



al., 2007; Lewis et al., 2005; Pizzamiglio et al., 2005; Doehrmann et al., 2008). There is also
evidence that both mechanisms, sound object recognition and sound location processing, are
interacting at different levels during auditory processing from the auditory caudal belt areas,
the supratemporal plane (Da Costa et al., 2011, 2013; Tian et al., 2001), the anterior lateral area
(Wallace et al., 2002), the planum temporale (Da Costa et al., 2015; Shrem and Deouell, 2014).
Belt areas are been shown to be the location where both auditory streams separate and where
there is a combination of them (Clarke, S. and Morosan, P., 2012). EEG results (Bourquin et
al., 2013) demonstrated that these two mechanisms could also be found latter in the inferior

frontal cortex (see (Clarke and Geiser, 2015) for a review).

Our study supports previous results (Bourquin et al., 2013; Da Costa et al., 2015) suggesting
the existence of a third pathway underlying position-linked representations of sound objects

that would predominantly involve the left hemisphere.

Improving the implicit use of auditory spatial cues after hemispheric damage

Patients who sustained right hemispheric damage and who present deficits in auditory streaming
on the basis of spatial cues may benefit from therapeutic approaches that either strengthen the
attentional system or enhance the contribution of the left-dominant implicit representation of

the auditory space.

Patients who sustained left hemispheric damage and who present deficits in auditory streaming

on the basis of spatial cues may benefit from therapeutic approaches that rely on the right-

dominant attentional system or the right-dominant explicit representation of the auditory space.
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Conclusion

Using a lesion-behaviour mapping method and a large number of patients, we were able to
distinguish the different neural correlates underlying the implicit and explicit use of spatial cues.
Regions necessary for sound object segregation are bilateral, but predominantly located in the
left hemisphere and involve fronto-temporo-parietal areas. Moreover, we showed the impact of
neglect on the implicit use of spatial cues confirming the relation between spatial attention and
sound object segregation. Deficits in implicit spatial processing can impact patient’s everyday
life activities, such as going to shopping, working, going to the restaurant or understanding
someone’s speech in a noisy environment. Today, recommendation is to keep patients away
from noisy environments and from acoustically overwhelming situations. A better
understanding of the mechanisms involved in this deficit is therefore highly relevant to help

develop new therapies and neurorehabilitation protocols.
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Supplementary Table 1
Patient’s demographical and clinical data: sex, age at time of auditory testing, delay between stroke and auditory
testing in days, lesion site and etiology, brain regions involved in the lesion, lesion volume (mm3), comorbidities.
GP (global pallidus), IFG (inferior frontal gyrus), Inf. Occipital (inferior occipital), IPL (inferior parietal lobule),
ITG (inferior temporal area), MFG (middle frontal gyrus), MTG (middle temporal gyrus), SFG (superior frontal
gyrus), SMA (supplementary motor area), SMG (supramarginal gyrus), SPL (superior parietal lobule), STG

(superior temporal gyrus).

Patient Sex Age Delay Regions involved in the lesion Volume
(years) (days) (mm3)

L1 F 54.8 116 Left Postcentral, Precentral, IFG, MFG, Insula, IPL, SMG, Putamen 11491
L2 F 63.9 1066  Left Postcentral, Precentral, IPL, STG, IPL, Middle Occipital, Insula, MTG, SMG, 212322

Precuneus, SPL, Cuneus
L3 M 59.0 173 Left IFG, MFG, Insula, STG, Precentral, Postcentral, SMG, Temporal Pole, IPL 120586
L4 F 43.6 77 Left Hippocampus, ParaHippocampus, Amygdala 5768
L5 F 57.0 455 Left IFG, Insula, STG, Precentral, Putamen, MFG, Temporal pole, Caudate 110585
L6 M 46.7 275 Left STG, MTG, Insula, SMG, IPL, IFG, Precentral, Postcentral 90908
L7 M 67.4 96 Left STG, MTG, IPL, Insula, Middle Occipital, SMG, Precuneus 116536
L8 M 18.1 150 Left MFG, SFG, STG, MTG, Precuneus, IFG, Cingulate, Calcarine, ParaHippocampus,

Precentral, Postcentral, Cuneus, IPL, SMA, Insula, 686030

Middle Occipital
L9 M 57.0 59 Left MTG, STG, ITG, Insula, Temporal Pole, Fusiform 59600
L10 F 394 34 Left IFG, Putamen, Caudate, Insula, MFG 39308
L11 M 72.2 67 Left GP, Putamen, Thalamus 2049
L12 F 35.2 58 Left IPL, Postcentral, Insula, IFG, STG, Precentral, MFG, Putamen 175608
L13 M 70.9 25 Left Putamen, Claustrum 3667
L14 M 53.0 46 Left Caudate, Insula 1622
L15 F 48.0 199 Left STG, MTG, IFG, Insula, IPL, SMG, Postcentral, Precentral, MFG, Putamen 185755
L16 M 65.8 137 Left STG, IFG, Insula, MTG, Precentral, Putamen, Postcentral, caudate, MFG 146120
L17 M 21.3 173 Left IPL, STG, Postcentral, SMG, Insula 60113
L18 M 49.6 96 Left STG, IFG, Insula, MTG, MFG, Temporal Pole, Putamen, Caudate 120671
L19 F 479 46 Left MFG, IFG, Precentral, Insula, Postcentral, STG 98284
L20 M 52.7 177 Left Postcentral, IPL, Precentral, Insula, SMA, STG, SFG, SMG, MFG, 138679

Temporal pole, Cingulate, IFG
R1 M 46.8 33 Right IFG, STG, MFG, Insula, Precentral, Postcentral, SMG, IPL, Putamen 216742
R2 F 53.0 136 Right Insula, IFG, Precentral, STG, Putamen 56934
R3 F 63.4 37 Right IFG, Precentral, Postcentral, Insula, SMG, IPL, Putamen, STG, Temporal pole,

Caudate, MFG 187341
R4 M 64.4 11 Right Putamen, Caudate, GP 4146
R5 M 56.9 22 Right Fusiform, Hippocampus, Parahippocampus, Precuneus, Posterior Cingulate, 108636

Calcarine, Cuneus, Thalamus
R6 M 58.0 42 Right Lingual, Cuneus, Calcarine, Inf. Occipital, Fusiform 52896
R7 M 51.0 15 Right IFG, Insula, STG, Precentral, Putamen 44647
R8 M 54.5 105 Right IPL, SMG, Middle Occipital, STG, MTG, Superior Occipital, Precuneus 68839
R9 F 42.3 16 Right Thalamus, GP, Putamen 4899
R10 F 418 16 Right IFG, MFG, Insula, STG, SMG, IPL, Precentral, Putamen, Caudate, Postcentral 128796
R11 F 50.4 40 Right Precentral, IFG, Postcentral, Insula, STG, MFG 69679
R12 M 61.7 27 Right STG, Thalamus, IPL, Putamen, Precentral 34849
R13 M 69.0 29 Right MFG, STG, IFG, Insula, Precentral, Postcentral, IPL, SMG, SFG, Putamen 258635
R14 F 66.1 44 Right Insula, Putamen, Caudate, STG, SMG, IPL, Precentral, IFG 63508
R15 F 52.1 24 Right STG, IFG, MTG, Insula, Precentral, Postcentral, MFG, IPL, SMG 143126
R16 F 69.4 16 Right Inferior Occipital, Fusiform, Lingual, ITG, Middle Occipital 29452
R17 M 74.5 45 Right Precentral, MFG, IFG, Postcentral 4395
R18 M 58.2 1593  Right Putamen, Insula, Caudate 24713
R19 M 49.1 214 Right IFG, STG, Insula, MFG, Putamen, Temporal Pole, Precentral, ITG, Caudate 148454
R20 M 26.1 17 Right Putamen, Caudate, GP, Thalamus 34641
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Supplementary Table 2
Behavioral performances at the SRM and auditory lateralization tasks. In bold are highlighted participants’ scores
outside the normative ranges driven by a deficit. In bold and italic are highlighted the scores outside the normative
ranges driven by an excessively correct performance. Normative data for the SRM are (mean £ SD): LL 3.99 +
1.29,L.3.32+1.02,R3.26 + 1.05, RR 4 £ 1.39, LL/RR 1.12 + 0.44, L/R 1.04 £ 0.47; and for the global score at
the sound lateralization task: 54.59 + 1.73.

Control group

SRM: d' SRM: Normalized d* Auditory lateralization
Subject LL L CE R RR | LL L R RR |LL/RR L/R Global score
C1 4.379 4.379 4379 4379 4.379| 0.00 0.00 0.00 0.00 1.00 1.00 57
Cc2 4379 4379 2755 4379 4379|162 162 162 1.62 1.00 1.00 54
C3 4379 4.379 3.257 4379 4379|112 112 112 112 1.00 1.00 54
C4 4379 4.379 4379 4.379 4.379| 0.00 0.00 0.00 0.00 1.00 1.00 54
C5 3.257 4.379 4.379 3.257 2.369|-1.12 000 -1.12 -2.01| 056 0.00 53
C6 4379 4379 2369 4.379 4379|201 201 201 201 1.00 1.00 56
c7 4379 4379 2755 4.379 4379|162 162 162 1.62 1.00 1.00 56
Cc8 4.379 3.257 2369 4.379 3.257| 201 089 201 089 | 226 044 54
Cc9 4379 3.257 0.000 2.755 4.379| 438 326 2.76 4.38 1.00 1.18 54
C10 4379 4379 2369 4.379 4379|201 201 201 201 1.00 1.00 57
Cl1 4379 4379 2369 3.257 3.257| 2.01 2.01 0.89 0.89 226 2.26 55
C12 4379 4379 4379 4.379 4.379| 0.00 0.00 0.00 0.00 1.00 1.00 54
C13 4.379 4.379 2.009 4.379 4.379| 237 237 237 237 1.00 1.00 52
Cl4 4.379 4.379 2.800 4.379 4.379| 158 158 158 1.8 1.00 1.00 52
C15 4379 4.379 2.800 4.379 4379|158 158 158 158 | 1.00 1.00 58
C16 4379 4.379 2.000 3.300 4379|238 238 130 238| 100 1.83 53
C17 4.379 4379 4.379 4379 4.379|0.00 0.00 0.00 0.00| 1.00 1.00 55
LHD group
SRM: d' SRM: Normalized d' Auditory lateralization
Subject LL L CE R RR | LL L R RR|LL/RR L/IR Global score
L1 0.888 0 -1.122 0 1623|1201 112 112 275| 073 1.00 52
L2 2.009 0.746 -0.386 1.132 0.000 240 113 152 039| 621 0.75 49
L3 4379 1.62 0 162 4379|438 162 162 438| 100 1.00 58
L4 4379 4379 4379 4379 4379(0.00 0.00 0.00 0.00| 1.00 1.00 58
L5 125 -162 112 05 326 (013 -2.74 -0.62 214| 0.06 442 59
L6 326 326 125 326 4379|201 201 201 313| 064 1.00 59
L7 3.257 2.755 0 1122 2755|326 276 112 276| 118 246 56
L8 4379 2756 0 2755 4379|438 276 276 438| 100 1.00 57
L9 2.755 1.62 0 162 201 (276 162 162 201| 137 1.00 59
L10 4379 4379 2755 4379 4379|162 162 162 162| 100 1.00 57
L11 4379 4379 1634 3257 4379|275 275 162 275| 100 1.69 58
L12 4379 3257 1122 3257 4379|326 214 214 326| 100 1.00 58
L13 4379 2.755 2369 2755 4379(201 039 039 201| 1.00 1.00 57
L14 4379 3257 O 2009 4379|438 326 201 438| 100 1.62 57
L15 1.248 0 0 2009 1248|125 0.00 201 125| 1.00 0.00 54
L16 4379 2755 0O 2369 4379|438 276 237 438| 100 116 58
L17 4379 3257 1623 2755 4379|276 163 113 276| 100 144 54
L18 4379 4379 1122 4379 4379(326 326 326 326| 1.00 1.00 57
L19 3.257 4379 3257 4379 4379|000 112 112 112| 0.00 1.00 57
L20 4379 1122 0.000 1.623 3.257 [4.38 112 162 326| 134 0.69 58
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RHD group

SRM: d' SRM: Normalized d' Auditory lateralization
Subject LL L CE R RR LL L R RR |LL/RR L/R Global score
R1 1.623 0 0 0 1122 | 162 0.00 0.00 112 145  0.00 34
R2 4379 1623 1122 2369 3257 (326 050 125 214 | 153 040 57
R3 3.257 1.122 0 0502 3.257 | 326 112 050 326 | 1.00 2.24 56
R4 4379 4379 2755 3257 4379|162 162 050 162 | 100 324 56
R5 2.369 2.369 0 0.888 3.257 | 237 237 089 326 | 0.73 2.67 55
R6 3257 1634 -1122 1623 2755|438 276 275 388 | 113 1.00 56
R7 4379 3.257 0 2369 4379 | 438 326 237 438 | 1.00 1.37 57
R8 2,755 2009 1122 1122 1634|163 089 0.00 051| 319 0.00 51
R9 4379 2009 -089 125 113 |527 290 214 202 | 261 1.35 55
R10 2755 2369 1.634 0.888 2755|112 0.74 -0.75 112 1.00 -0.99 50
R11 2.755 1.248 -1.623 0 1122 | 438 287 162 275 159 177 59
R12 1122 0 0 0 0 112 0.00 0.00 0.00| 0.00 1.00 58
R13 4379 3257 -1.122 2369 3257 | 550 438 349 438 | 126 125 56
R14 2,755 1248 1623 0 1.248 | 113 -0.38 -1.62 -0.38| -3.02 023 53
R15 0.746 1132 -0.36 0.888 0 111 149 125 036 | 3.07 1.20 52
R16 0.746 -1.132 0.888 1.248 -0.746|-1.63 -2.02 036 -1.63| 100 -561 55
R17 4379 3256 2.009 4.379 4379|237 125 237 237 1.00 053 50
R18 3257 0 0 1122 2369 | 326 0.00 112 237 | 137 0.00 54
R19 3.257 2755 1.623 2755 4379|163 113 113 276 | 0.59 1.00 57
R20 4379 1.62 0 237 4379 | 438 162 237 438| 1.00 0.68 58
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Supplementary Figure

Spatial Release from Masking
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VLSM results showing the relationship between the performances at the SRM and auditory lateralization tasks
and brain lesions, for both patient groups (n = 40). In A. are reported the results for the SRM task, when the mask
is at positions far left, left, center (target and mask are at the same position), right and far right. In B. are reported
the results of the VLSM for the auditory lateralization task. The tBM-maps only show the voxels significantly
important for the performance at the tasks, first for the left hemisphere, then for the right hemisphere. Brunner-
Munzel test, FDR-corrected, tBM-map intensity [0, 4].
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Patients with auditory neglect attend less to auditory stimuli on their left and/or make systematic directional errors when indicating
sound positions. Rightward prismatic adaptation (R-PA) was repeatedly shown to alleviate symptoms of visuospatial neglect and
once to restore partially spatial bias in dichotic listening. It is currently unknown whether R-PA affects only this ear-related
symptom or also other aspects of auditory neglect. We have investigated the effect of R-PA on left ear extinction in dichotic
listening, space-related inattention assessed by diotic listening, and directional errors in auditory localization in patients with
auditory neglect. The most striking effect of R-PA was the alleviation of left ear extinction in dichotic listening, which occurred
in half of the patients with initial deficit. In contrast to nonresponders, their lesions spared the right dorsal attentional system
and posterior temporal cortex. The beneficial effect of R-PA on an ear-related performance contrasted with detrimental effects
on diotic listening and auditory localization. The former can be parsimoniously explained by the SHD-VAS model (shift in
hemispheric dominance within the ventral attentional system; Clarke and Crottaz-Herbette 2016), which is based on the R-PA-
induced shift of the right-dominant ventral attentional system to the left hemisphere. The negative effects in space-related tasks

may be due to the complex nature of auditory space encoding at a cortical level.

1. Introduction

Unilateral spatial neglect tends to include distinct auditory
deficits, which are often referred to as auditory neglect and
are investigated with a variety of experimental paradigms
[1]. The key feature of auditory neglect, impaired attention
to left-sided stimuli, has been initially revealed in tasks of
dichotic listening. In this paradigm, simultaneous auditory
stimuli are presented to either ear; extinction or significant
decrease in reporting stimuli presented to the left ear has
been considered as a manifestation of auditory neglect
[2, 3]. Although often present in auditory neglect, left ear
extinction on dichotic listening has been also reported in
two conditions which are unrelated to neglect. Left ear
extinction is a key feature of the callosal disconnection syn-
drome [4, 5] and is associated with lesions of the splenium
and isthmus of the corpus callosum [6, 7]. Furthermore, con-
tralateral ear extinction has been reported to occur as often
after left as right hemispheric lesions, when the damage

extended to auditory-related structures [8]. The ambiguity
in the interpretation of left ear extinction as a sign of auditory
neglect has led to the introduction of the diotic listening par-
adigm, which consists of two simultaneous stimuli presented
to the right or left by means of interaural time differences.
Extinction or significant decrease in reporting stimuli latera-
lized to the left and/or bilateral decrease in reported stimuli is
a characteristic of the right hemispheric lesions and depends
critically on the integrity of basal ganglia [9-11]. Auditory
mislocalization and in particular systematic directional errors
to the ipsilesional side are believed to be another manifesta-
tion of auditory neglect [12-14]. Particularly striking symp-
tom is alloacusis, that is, the misplacement of auditory
stimuli across the midline. The three key features of auditory
neglect, left-sided extinction on dichotic or diotic listening,
and the distortion of auditory space perception can occur
independently of each other and involve distinct neural net-
works; very likely, they correspond to different types of audi-
tory neglect [9-11]. The three key features of auditory neglect
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are often associated with visuospatial neglect symptoms
[1, 10, 11, 14], which are treated with different approaches,
including prismatic adaptation [15-22].

Prismatic adaptation has gained much interest, partly
because of its well-documented effect on visuospatial neglect
[15-22]. It consists of a visuomotor task during which the
subject points to visual targets while wearing glasses
mounted with right-deviating prisms. After an initial phase,
when the subject overshoots the targets to the right, the
pointing becomes correct. After the removal of the prisms,
the first trials show pointing errors to the left, referred to as
the aftereffect [20]. A series of neuroimaging studies was car-
ried out in normal subjects to investigate neural mechanisms
underlying the effect of R-PA on visual attention. The stages
of visuomotor adaptation were shown to involve the poste-
rior parietal cortex and the cerebellum on the right side
[23-27]. An overall effect of a brief exposure to R-PA is the
change of visuospatial representations in the inferior parietal
lobule (IPL) in both hemispheres. As demonstrated in a
recent study, the representation of the left, center, and right
visual fields is enhanced in the left IPL and the representation
of the right visual field decreased in the right IPL [28]. Thus,
R-PA appears to shift the right-dominant ventral attentional
system to the left hemisphere; in neglect, this shift is likely to
restore the alerting input to the dorsal attentional system on
either side and contribute thus to the alleviation of atten-
tional deficits in visuospatial neglect [29].

Several lines of evidence suggest that visual and auditory
attention relies on a supramodal attentional network. Activa-
tion studies have shown that in the context of spatial and
nonspatial attentional tasks visual and auditory stimuli
involve the same cortical regions and hence most likely a
shared attentional network [30-33]. Similarly, the frequent
cooccurrence of visual and auditory attentional deficits in
unilateral neglect was proposed to reflect the supramodal
nature of the syndrome [1, 34]. Further support comes from
two studies which reported that R-PA alleviates specific
symptoms of auditory neglect. A first study focused on the
effect of R-PA on dichotic listening and reported in a group
of 6 patients an alleviation of left ear extinction on dichotic
listening, without affecting general arousal [35]. A second
study investigated the effect of R-PA on spatial gradients in
visual and auditory target detection and described in a group
of 12 patients an overall improvement of auditory target
detection, without restoring the spatial gradient of attention
[36]. It is currently unknown whether R-PA affects other
symptoms of auditory neglect.

The effect of R-PA on specific symptoms of auditory
neglect may rely on the shift of the right-dominant ventral
attentional system to the left IPL, as postulated in the SHD-
VAS model for visuospatial attention [37]. If so, the allevia-
tion of auditory neglect symptoms would depend on the
integrity of the right dorsal attentional system and its access
to the left IPL. We have investigated how R-PA affects key
features of auditory neglect, namely performance on dichotic
and diotic listening and auditory localization, and what the
underlying anatomical constraints are. We hypothetized that
the restoration of the alerting input from ventral attentional
system via the left IPL may alleviate auditory neglect
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symptoms if the remaining parts of the involved network
are intact. Thus, we postulated that for the effect of R-
PA to occur, the dorsal attentional system (within the
right hemisphere) and the afferent interhemispheric path-
way from the left IPL need to be intact. We have expected
that these mechanisms are likely to play a role in dichotic
and diotic listening tasks. We did not expect a systematic
improvement of sound localization performance, because of
the great complexity in auditory space encoding (for detailed
description see discussion [38-40]).

2. Methods

2.1. Participants. Ten consecutive stroke patients with unilat-
eral spatial neglect and without history of psychiatric or pre-
vious neurological affections participated in this study (6
men, mean age 59.6 years +7.1; Table 1). The inclusion cri-
teria were (i) a first unilateral right hemispheric ischemic
stroke; (ii) normal or corrected to normal visual acuity, com-
patible with performing visual tasks without prescription
glasses (so that prisms can be worn); and (iii) normal hearing
thresholds at a tonal audiometry and less than 12 dB differ-
ence between the ears (average across all frequencies). All
patients sustained an ischemic infarction in the territory
of the right middle cerebral artery (Figure 1) and pre-
sented at the time of testing visuospatial and auditory
neglect. The mean delay between the R-PA and the stroke
was 95 days+34. The patients were recruited among the
patients of the Neuropsychology and Neurorehabilitation
clinic of the Lausanne University Hospital (CHUV), and all
provided an informed consent. Seventeen normal subjects
served as control population for comparing the aftereffect
in the ecological R-PA paradigm used here with the afteref-
fect observed in a shorter version R-PA used in a previous
study (8 men, mean age 26.5 years+ 3.6; [28]). The study
was conducted in accordance with the Declaration of Hel-
sinki (1964) and was approved by the Ethic Committee of
the Canton de Vaud, Switzerland.

2.2. Prismatic Adaptation. The ecological R-PA paradigm
involved an adaptation phase during which the subject wore
prisms which deviated the entire visual field 10° to the right
(as in previous studies [17, 18, 20, 29, 41, 42]). The adapta-
tion phase lasted 30 minutes during which the subject carried
out a sequence of six different visuomotor activities, three of
which resulted in sound production: (i) playing a sequence of
3 tones on a colour-coded xylophone according to the col-
ours on a card shown by the experimenter; (ii) ringing 3
coloured bells in a sequence chosen from a group of 7 accord-
ing to the colours on a card shown by the experimenter; (iii)
placing five cups according to the pattern shown by the
experimenter; (iv) picking up one bell identified by its colour
among seven bells and ringing it; (v) placing a token in a
column (among five) which the experimenter designated by
its number (Puissance4® game); and (vi) placing Scrabble®
tokens in the correct order to form three-letter words pre-
sented visually by the experimenter. Each activity lasted 5
minutes. The movements during these activities are slower
than simple pointing movements in the classical adaptation;
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TaBLE 1: Patients’ characteristics including the delay between the stroke and the testing session. STG: superior temporal gyrus; MTG: middle
temporal gyrus; IFG: inferior frontal gyrus; IPL: inferior parietal lobule; SMG: supramarginal gyrus; AG: angular gyrus; SPL: superior parietal
lobule; ITG: inferior temporal gyrus; HG: Heschl gyrus; TTG: transverse temporal gyrus; GP: globus pallidus; SFG: superior frontal gyrus.

Neurological and neuropsychological

Delay Lesion vol

Patient Sex Age Handedness deficits Regions involved in lesion (days) (cm®)
Left hemisyndrome (upper and lower .
P1 M 53 Right limbs), multimodal neglect, nonspatial Sglg’ l\lilgarcn;,elrllm::?l, dIaFtS, tre:clsr?tﬁll 54 135.4
attentional deficits, executive dysfunction pole, p ’ P
Left unilateral homonymous hemianopia, STG, MTG, precentral, postcentral,
P2 M 59 Right severe multimodal neglect, executive IPL, IFG, insula, SMG, temporal 80 182.6
dysfunction pole, putamen, MFG, AG
. Mild multimodal neglect and nonspatial Insula, STG, temporal pole, MTG,
P3 F 64 Right attentional deficits putamen, IFG, caudate >9 93.1
Left hemisyndrome (upper and lower MFG, IFG, MTG, STG, precentral,
P4 M 51 Left hmbs.), multlqual negl.ect, visuospatial postcent.ra.l, insula, SMG, temporal 154 202.6
apraxia, deficits in working memory and  pole, occipital, putamen, precuneus,
calculation, executive dysfunction AG, SPL, ITG, HG, TTG, caudate
Horner syndrome on the right side, left
unilateral homonymous hemianopia, Middle occipital, cuneus, superior
P5 M 57 Right severe multimodal neglect, nonspatial occipital, MTG, cuneus, precuneus, 121 19.7
attentional deficits, deficit in anterograde AG, calarine
episodic memory, executive dysfunction
Left hemisyndrome (predominantly upper
imb),left unilateral homonymous 1y \gG, STG, precentral, insula,
P6 M 59 Right . p1a, ainegiect, putamen, postcentral, temporal 89 118.7
nonspatial attentional deficits, visuospatial
. o L pole, precentral, MTG
apraxia, deficit in anterograde episodic
memory, executive dysfunction
Severe visuospatial neglect, nonspatial .
P7 F 69 Right attentional deficits, mild executive IFG, MEG, STG, insula, putamen, 122 70.6
. temporal pole, MTG
dysfunction
Multimodal neglect, visuospatial apraxia,
P8 F 73 Right deficit in anterograde episodic memory, Insula, STG, IFG, putamen, 60 44.1
; - MTG, HG, TTG
executive dysfunction
Left hemisyndrome (upper and lower
P9 M 58 Right llmbs),. se.vere multimodal .negl.ect, Insula, putamen, caudate, GP, 127 382.0
deficit in anterograde episodic thalamus
memory, executive dysfunction
MEG, STG, IFG, MTG, IPL,
insula, postcentral, precentral,
P10 P 53 Right Visuospatial neglect, nonspatial SMG, AG, precuneus, putamen, 84 381

attentional deficits

caudate, temporal pole, thalamus,
hippocampus, parahippocampal
gyrus, SFG

to reach the total number of movements which was shown to
be critical for maximal adaptation to occur [43], we increased
the duration of the adaptation phase to 30 minutes.

The aftereffect of R-PA, that is, visuomotor pointing
error which occurs during the first pointing after the removal
of the prisms, was assessed as in the previous studies [17, 18,
20, 37, 41, 42]. Briefly, the subject’s head was positioned on
chinrest and two black dots placed at a distance of 57 cm
14° to the left or to the right of his body midline; the proximal
two-thirds of the distance between the subject and the dots
were hidden. When positioned in the apparatus, the subject
was asked to look at one of the dots, close his eyes, and point
to the dot; this procedure was repeated twice for each dot.
The aftereffect was expressed in degrees, corresponding to

the average of the four measures. All patients performed
the ecological R-PA paradigm, and all but one (P6) were
tested for visuo-pointing errors before and after R-PA. P6
was not able to perform the aftereffect measure because he
could not maintain the eyes closed during the pointing.

2.3. Evaluation of Auditory Neglect

2.3.1. Dichotic Listening Task. The dichotic listening task
consisted of thirty pairs of disyllabic words presented simul-
taneously, one word to the left and another to the right ear
(same paradigm as in [9, 11, 44]). The subjects were
instructed to be attentive to both ears and to report both
words. Performance was assessed by the total number of
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FIGURE 1: Lesions of individual patients displayed on axial slices of a
normalized MRI template (positions of the slices in blue).

correct responses for each ear and by the lateralization
index (right minus left ear, divided by right plus left ear,
multiplied by 100). The performance of a control popula-
tion was published previously [9]. The mean number of
items reported for the right ear stimuli was 29.2
(SD=1.685) and for the left ear stimuli 28.85 (SD =2.74);
the number of items reported for the left versus right ears
did not differ significantly (p =0.1004). The mean laterali-
zation index was 0.986 (SD =4.45).

2.3.2. Diotic Listening Task. The diotic listening task con-
sisted of thirty pairs of words presented simultaneously. Both
words were presented at the same intensity level to both ears,
but one was lateralized to the right hemispace and the other
one to the left hemispace, using interaural time difference
of 1 ms (same paradigm as in [9, 11, 44]). For both tasks,
performance was assessed by the total number of correct
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responses for each side separately and by the lateralization
index (right minus left side, divided by right plus left side,
multiplied by 100). The performance of a control population
was published previously [9]. The mean number of items
reported for the right space was 26.15 (SD =4.632) and for
the left space 24.867 (SD=5.02). There was a significant
advantage for the right space (p = 0.0001). The mean lateral-
ization index was 3.521 (SD =5.96).

2.3.3. Auditory Localization Task. The auditory localization
task comprised 60 stimuli which were lateralized with inter-
aural time differences (same paradigm as in [9, 11, 44-51].
The stimuli were bumblebee sounds, ranging from 20 to
10,000 Hz presented during 2 s including 100 ms rising and
falling times. Five different azimuthal positions (12 sounds
at each position) were simulated by interaural time differ-
ences (ITD), creating one central (no ITD) and four lateral
positions, two in each hemispace. For the lateral positions,
the ITD was 0.3 ms or 1 ms. The task consisted in indicating
precisely the perceived position of the blumblebee on a grad-
uated semicircle affixed on the headphone (from 0° at the ver-
tex to 90” at each ear) with the right index finger. The overall
performance of auditory localization was assessed by the rel-
ative positions attributed to two consecutive stimuli (global
score). Responses were counted as correct when the position
of the sound was indicated to the left or to the right of the
previous stimulus in agreement with the difference in ITD
or within +10° of the previous location for identical stimuli;
the maximal number of correct responses was 59. To quan-
tify directional bias, more specific measures were used: (i)
the number and the direction of alloacusis and (ii) the dis-
crimination between neighbouring positions, by means of
t-test between reported positions of nearby lateralizations
(LL versus L; R versus RR). The performance of a control
population was published previously [9, 44]. The mean
global score was 57.15 (SD=1.79). The mean for the cen-
tral stimulus was —0.09° (SD=4.5"). The mean index of
response bias was 0.00 (SD=0.74). Control subjects never
exhibited alloacusis. Ten percent of control subjects failed
to discriminate the two positions within one hemispace,
never within both hemispaces.

2.4. Evaluation of Visuospatial Neglect. All patients were
assessed for visuospatial aspects of neglect using the bells test
and the line bisection task (“Batterie d’évaluation de la négli-
gence spatiale” (BEN)) [52], as well as the evaluation of uni-
lateral extinction for visual and tactile stimuli, search for
neglect symptoms in visual target detection, graphical pro-
duction, and motor performance (as in [9-11, 44, 50, 51]).

2.5. Statistical Analysis of Behavioural Data. Behavioural
data from the dichotic and diotic tasks were tested for
normality using the Shapiro-Wilk normality test, and due
to the nonnormality of the distribution, the effect of R-
PA was evaluated at the group level by a repeated measures
nonparametric F-test. This method, used in a previous study
[53], is a bootstrapping of the subjects (with replacement)
and permutation of the within-subject factors. An F value
is calculated on each cycle, for each randomization.
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TaBLE 2: Performance in dichotic and diotic listening tasks before (pre-R-PA) and after (post-R-PA) exposure to R-PA, listing the number of
words reported for the left and right ears as well as the lateralization index. Scores outside the normal range are highlighted in bold.

Dichotic listening task Diotic listening task

Pre-R-PA Post-R-PA Pre-R-PA Post-R-PA
Patient  Left  Right  Lat.index  Left Right Lat.index  Left  Right  Lat.index  Left  Right  Lat. index
P1 1 30 93.6 4 29 75.8 10 13 13.0 15 26 26.8
P2 3 29 81.3 4 30 76.5 22 21 =23 20 22 4.8
P3 19 29 20.8 29 29 0.0 25 26 2.0 27 28 1.8
P4 15 27 28.6 15 27 28.6 18 24 14.3 16 29 28.9
P5 19 29 20.8 25 30 9.1 19 24 11.6 29 28 -1.8
pP6 22 28 12.0 26 29 5.5 23 27 8.0 24 26 4.0
P7 29 30 1.7 30 30 0.0 25 27 3.9 28 30 3.5
P8 20 30 20 26 30 7.1 20 19 -2.6 24 27 59
P9 7 30 62.2 2 30 87.5 17 20 5.6 17 19 5.6
P10 29 28 -1.8 30 29 -1.7 26 27 1.9 28 29 1.8

Repeating this for 1000 cycles generates an empirical distri-
bution of F values from which a corresponding p value is
obtained. These analyses were processed using Python
(Python Software Foundation, https://www.python.org/).
For the dichotic listening task factors, ear (left, right) and ses-
sion (pre- and post-R-PA) were used, for diotic listening side
(left, right) and session (pre- and post-R-PA).

2.6. Lesion Analysis. Lesions were outlined on MRI (n =4) or
CT scan (n=6) anatomical sequences using the Medical
Imaging Interaction Toolkit (MITK) software (http://mitk.
org). The superposition of the lesions was calculated using
Statistical Parametric Mapping (SPM12, Wellcome Depart-
ment of Cognitive Neurology, London, UK).

3. Results

3.1. Rightward Prismatic Adaptation and Its Aftereffects.
The visuomotor effect of R-PA was evaluated by the presence
of the aftereffect, that is, leftward deviation in pointing
immediately after prism removal. Seventeen control subjects
performed the ecological R-PA paradigm; their mean afteref-
fect was —8.55" (SD=2.61"), which is within the range of
aftereffects obtained with a shorter version of the R-PA
paradigm in a previous study [28]. All but one patient
(P6) were able to perform the pointing measures before
and after R-PA, and all presented the expected leftward
shift. The mean aftereffect was —5.88° (SD =3.28").

3.2. Dichotic Listening. The effect of R-PA was evaluated at a
group level by a repeated measures nonparametric F-test
[53]. The number of items reported for either ear yielded a
significant main effect of ear (F (1, 9)=11.12, p =0.002) and
a significant main effect of session (F (1, 9) =5.13, p = 0.023),
but only a trend for the interaction (F (1, 9) =3.36, p = 0.056).
The lateralization index did not differ significantly between
pre- and post-R-PA (Wilcoxon signed-rank test, Z=-1.481,
p=0.139).

At an individual level, we have identified 8 patients who
had a significant decrease of the left ear reporting and an
abnormal lateralization index prior to R-PA (Table 2). After

R-PA, 4 patients (P3, P5, P6, and P8) normalized their per-
formance on dichotic listening, both in terms of items
reported for the left ear and lateralization index. Four other
patients (P1, P2, P4, and P9) did not improve their perfor-
mance and presented after R-PA a significant decrease of left
ear reporting and abnormal lateralization index.

The patients who responded to R-PA versus those who
did not differ in terms of the site and extent of their
lesion. The nonresponders tended to have larger lesions
(range: 135.4-383.0 cm’; Table 1) than responders (range:
19.7-118.7 cm?). In nonresponders, but not in responders,
the lesions extended over large parts of the temporo-
parietofrontal cortex and the underlying white matter,
including the superior parietal lobule, the intraparietal sul-
cus, and the posterior part of the temporal lobe. The patients
who had normal performance in dichotic listening before
R-PA (P7 and P10) had a relatively small lesion (38.1 and
70.6 cm®), which largely spared the temporoparietal cortex.

In summary, R-PA had a striking effect on left ear extinc-
tion in dichotic listening in some but not all patients with ini-
tial deficit. In responders, the superior parietal lobule, the
intraparietal sulcus, and the posterior part of the temporal
lobe tended to be spared, but not in nonresponders.

3.3. Diotic Listening. The effect of R-PA was evaluated at a
group level by a repeated measures nonparametric F-test
[53]. The number of items reported for either side yielded a
significant main effect of side (F (1, 9) =9.95, p =0.006) and
a significant main effect of session (F (1,9)=7.93, p=0.014),
but no significant interaction (F (1, 9)=0.94, p=0.375).
The lateralization index did not differ significantly between
pre- and post-R-PA (Wilcoxon signed-rank test, Z=-0.652,
p=0.515).

At an individual level, we have identified one patient
(P1) who had a significant decrease of reporting for both
the right and left spaces prior to R-PA, albeit with a later-
alization index within the normal range (Table 2). After R-
PA, this patient normalized his reporting for the right
space, but remained deficient for the left space; the lateral-
ization index was then outside the normal range, favouring
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TaBLE 3: Performance in auditory localization before (pre-R-PA) and after (post-R-PA) exposure to R-PA. Scores outside the normal range
are in bold. The global score corresponds to the number of stimuli correctly placed to the left or the right of the previous stimulus. The
perceived positions of each of the five stimulus locations are indicated in degrees (positive in the right, negative in the left space). The
ability to discriminate between the two positions within either hemispace (LL versus L; R versus RR) was assessed by t-tests; positions
which failed to be discriminated are highlighted in bold. In the control population, 10% of subjects failed to discriminate the two positions
within one hemispace, never within both hemispaces. The number of alloacusis is indicated separately for those where stimuli presented
on the left were indicated on the right (L to R) and those where stimuli presented on the right were indicated on the left (R to L). Control
subjects never presented alloacusis.

Pre-R-PA Post-R-PA

Positions (°) Alloacusis Positions (°) Alloacusis
Patient Global score LL L CE R RR LtoR RtoL Global score LL L CE R RR LtoR RtoL
P1 51 -57.5 -53.8 -2.1 44.2 59.6 0 0 47 —-43.6 -35.5 -3.5 29.6 49.6 2 2
P2 55 -82.5 —-66.3 11.9 558 75.0 0 0 57 -76.3 -70.8 75 49.6 70.8 0 0
P3 56 -30.4 -28.3 -23.3 36.7 433 0 0 54 -32.5 -20.8 29.6 35.0 39.6 0 0
P4 42 -12.1 -14.5 -56 32.2 13.0 4 5 42 -9.5 0.5 50 28.0 27.3 7 1
P5 56 -46.3 -41.3 -9.2 40.0 43.8 0 0 55 -68.3 —-52.1 -26.7 26.7 479 0 0
P6 54 -40.4 -36.7 -10.4 28.3 44.2 0 0 59 -37.1 -36.3 -15.4 22.5 329 0 0
P7 54 -59.5 35 41.3 58.9 68.0 4 0 46 -27.9 -28.8 17.0 29.4 60.0 3 0
P8 52 -50.8 -37.1 -24.6 42.1 57.1 0 0 53 -67.1 —-64.2 -32.1 64.2 779 0 0
P9 54 -733 -68.3 -0.8 57.5 67.1 0 0 44 21.7 -30.9 40.8 56.7 763 11 1
P10 52 -60.8 —-642 75 713 723 0 0 50 -75.0 -73.8 -48.5 82.7 80.4 0 0

the right space. Another patient (P4), who had a normal  global score measures (Z=-1.19, p = 0.234) nor for the num-
performance in diotic listening, including a normal lateral-  ber of left-to-right (Z=-1.461, p=0.144) or right-to-left

ization index, prior to R-PA, increased after R-PA report-  alloacusis (Z=0, p=1; for all comparisons, Wilcoxon
ing for the right but not the left space; his lateralization  signed-rank test).
index was then outside the normal range, favouring the Prior to R-PA, all patients were deficient at one or several

right space. The two patients in whom R-PA induced a of the following scores: (i) global score; (ii) the location
rightward spatial bias (P1 and P4) did have rather large attributed to the central stimulus; (iii) discriminating L-LL
lesions (135.4 and 202.6 cm®; Table 1) which extended over plus R-RR; and (iv) presence of alloacusis (Table 3). After
large parts of the temporoparietofrontal cortex and the  the exposure to R-PA, only one patient (P2) improved his
underlying white matter. performance and reached normal range. His lesion was
The remaining 8 patients had right and left space report-  rather large (182.5cm’ Table 1) and extended over large
ing as well as lateralization index within the normal range  parts of the temporoparietofrontal cortex and the underlying
before and after R-PA. Among them, three had pre-R-PA  white matter.
scores for the right and/or left side reporting in the lower The remaining nine patients worsened their perfor-
range (P5; P8 and P9). After R-PA, two of them (P5 and mance. Three (P1, P4, and P9) enhanced their rightward bias
P8) increased considerably both scores, whereas the third by shifting the position attributed to the central stimulus to
one (P9) did not. The former two (P5 and P8) sustained the right and/or by increasing the number of left-to-right
rather small lesions (19.7 and 44.1cm’ Table 1) which  alloacusis, thus aggravating neglect symptoms. Their lesions
spared the superior parietal lobule, the intraparietal sulcus, ~ were rather large (135.4 and 382.0cm®) and extended over
and basal ganglia. The latter one (P9) sustained a large lesion ~ large parts of the temporoparietofrontal cortex and the
(382.0cm”), which extended over large parts of the hemi-  underlying white matter. Two patients (P3 and P7) became
sphere and included the superior parietal lobule, the intra-  deficient on their global score, without increasing a rightward
parietal sulcus, and basal ganglia. bias. Their lesions were relatively small (93.1 and 70.6 cm’)
In summary, R-PA induced in specific cases rightward  and extended over the anterior and posterior temporal lobes,
spatial bias in diotic listening by enhancing the reporting  frontal convexity, and/or the underlying white matter. One
within the right but not the left space. This profile was asso- ~ patient (P10) sustained leftward bias by shifting the position
ciated with extended lesions which included the superior  attributed to the central stimulus to the left and failed to dis-
parietal lobule, the intraparietal sulcus, and basal ganglia. In ~ criminate the L-LL positions. Her lesion was relatively small
a few cases, R-PA improved the left side reporting from low  (38.1cm?) and subcortical.

to high normal range. The integrity of the superior parietal In summary, the effect of R-PA on auditory localiza-
lobule, the intraparietal sulcus, and basal ganglia appeared  tion was varied and in nine of ten cases detrimental. In
to be essential for this to occur. specific cases, R-PA induced rightward spatial bias in audi-

tory localization. There did not seem to be clear relation-
3.4. Auditory Localization. At a group level, there was no sta-  ship between the site of lesion and the effect of R-PA on

tistically significant difference between pre- and post-R-PA  auditory localization.
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4. Discussion

4.1. Alleviation of Auditory Neglect by Prismatic Adaptation:
Ear versus Space. The most striking effect of R-PA which
we have observed was the alleviation of left ear extinction
on dichotic listening, present in half of the patients. This ben-
eficial effect on ear-related performance contrasted with the
modest or even detrimental effects on space-related mea-
sures. In diotic listening, we observed an improvement
which was limited to reporting the right-space stimuli
and created thus rightward spatial bias. In a few cases,
R-PA had mostly negative effect on auditory localization,
leading to a rightward spatial bias.

The diverging effects of R-PA on different aspects of
auditory neglect may be partially explained by the underly-
ing mechanisms. Whereas, the effect on dichotic listening is
likely to depend on the same neural mechanisms as the
effect on visuospatial attention, the complexity of the
encoding of the auditory space at a cortical level may inter-
fere with the effect on auditory localization and possibly on
diotic listening.

4.2. Neural Mechanisms Underlying the Effect of Prismatic
Adaptation in Auditory Neglect. Visual attention and orient-
ing have been shown to depend on the dorsal and ventral
attentional systems. As demonstrated in a series of seminal
studies, the dorsal attentional network, which comprises the
superior parietal lobule, the intraparietal sulcus, and the
superior frontal cortex of both hemispheres, mediates endog-
enous allocation of visuospatial attention [54]. Its key region,
the intraparietal sulcus, encodes predominantly the contra-
lateral visual space [55]. Exogenous attention, that is, the
alerting targets that appear at unattended locations, is medi-
ated by the ventral attentional network, which is lateralized
to the right hemisphere and includes the temporoparietal
junction, IPL, and posterior part of the superior temporal
gyrus; this region receives visual information from the whole
visual space [54]. The right-dominant ventral and the bilat-
eral dorsal attentional systems are interconnected, so that
the alerting input from the ventral system can activate the
dorsal system [56]. There is a reciprocal interconnection
between the right and left parts of the dorsal attention system
[56-58], characterized by an asymmetrical inhibitory effect
by which the right posterior parietal cortex inhibits the left
homologous region [57, 58].

A brief exposure to R-PA was shown to shift the right-
dominant ventral attentional system to the left IPL. The task
used in this study was the detection of visual target presented
in the left, central, and right spaces, known to activate the
ventral attentional system. R-PA leads to a significant
increase of the ipsilateral visual field representation in the left
IPL and a significant decrease in the right IPL [28]. This same
study demonstrated that R-PA did not have the same effect
on other types of visuospatial processing, such as visuospatial
working memory. In a later study, the shift of the ventral
attentional system from the right to the left hemisphere was
demonstrated with the same visual detection task in neglect
patients [29]. The model derived from these studies, referred
to as SHD-VAS (shift in hemispheric dominance within the

ventral attentional system), offers a parsimonious explana-
tion for the effects of R-PA on visuospatial attention in nor-
mal subjects and neglect patients (for discussion see [37]).
This model may be also relevant for auditoryspatial attention,
since the dorsal and the ventral attentional systems are
involved in auditory attention. Early activation studies
reported that auditory alertness involved an extended right
hemispheric network, including frontal, cingular, inferior
parietal, temporal, and thalamic regions [32] and shared
with visual alertness a common region within the ventral
attentional system [33].

In view of the above quoted evidence, it is reasonable to
assume that the effect of R-PA on auditory neglect relies on
the shift of the right-dominant ventral attentional system to
the left hemisphere. For the beneficial effect on attentional
orienting to the left, the ventral attentional system within
the left hemisphere needs to access the dorsal attentional sys-
tem within the right hemisphere. Thus, a spared dorsal atten-
tional system and intact inputs from the left IPL are
necessary for such beneficial effects.

4.3. Effect of Prismatic Adaptation on Dichotic Listening:
What Matters? In our population, R-PA alleviated left ear
extinction in dichotic listening in four patients, while it
failed to do so in four others. The prerequisite for the ben-
eficial effect of R-PA appeared to be intact with the supe-
rior parietal lobule, posterior part of the temporal lobe, as
well as the periventricular white matter, which convey fibers
joining the middle and posterior parts of the corpus callosum
(Figure 2). The key role of the superior parietal lobule and
of the callosal connections is in agreement with the SHD-
VAS model.

Left ear extinction on dichotic listening has been also
reported independently of the neglect syndrome, in cases
of callosal disconnection and in particular when the sple-
nium and the isthmus of the corpus callosum were damaged
[6, 7]. These posterior parts of the corpus callosum are
known to convey fibers from the temporal lobe, whereas
the parietal callosal pathway tends to involve more anterior
parts [59]. In our patient population, we did not have
lesions which damaged specifically either the auditory or
the parietal callosal pathway. Thus, it remains unclear
whether R-PA would alleviate left ear extinction in cases with
focal lesions of the splenium and the isthmus, that is, without
damage to the dorsal attentional system and the more ante-
rior callosal pathway.

4.4. Worsening Rightward Bias on Diotic Listening. Our
results suggest that in specific conditions, R-PA can enhance
rightward spatial bias and thus amplify neglect symptoms.
When it happened in diotic listening, the initial condition
involved scores that were pathologically low or within lower
normal range on both sides. R-PA increased the reporting on
the right but not on the left side. The beneficial effect on the
right side reporting can be explained by the SHD-VAS model
and the ensuing activation of the left dorsal attentional sys-
tem. Both patients who presented this effect (P1 and P4) sus-
tained damage to the right dorsal attentional system, which
precluded reorienting attention to the left.
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Dichotic listening task

Left ear extinction before and after R-PA

FIGURE 2: Anatomical correlates of performance in dichotic listening task. Superposition of lesions associated with 3 profiles: (a) Patients with
left ear extinction who did not respond to R-PA (P1, P2, P4, and P9). (b) Patients with left ear extinction who responded to R-PA (P3, P5, P6,
and P8). (c) Patients without deficits at the dichotic listening task (P7 and P10).

R-PA can enhance the left side reporting in diotic listen-
ing, as observed in two patients whose scores were in the
lower normal range prior to R-PA and in the upper normal
range after it (P5 and P8). Both patients had intact dorsal
attentional system on the right side.

4.5. Disturbing Auditory Localization. Our results on audi-
tory localization demonstrate that R-PA can enhance right-
ward spatial bias and thus aggravate neglect symptoms.
Three patients presented this profile (P1, P4, and P9); after
prismatic adaptation, they shifted the central position to the
right and/or presented more right-to-left alloacusis. All three
sustained damage to the right dorsal attentional system,
which may explain the paradoxical rightward bias.

Apart from the enhancement of rightward spatial bias, R-
PA tended to deteriorate more generally performance in
auditory localization and even introduced a pathological left-
ward spatial bias. The former was observed in two patients
whose global score became deficient after R-PA (P3 and
P7), the latter in two other patients with a leftward spatial
bias for the central position after R-PA (P5 and P10). These

varied and rather unfavourable effects of R-PA on auditory
localization may be related to the way auditory space is rep-
resented at a cortical level. Several lines of evidence indicate
that auditory space is not represented in a topographical
fashion, but encoded within specific neuronal populations
[60-62]. Single neurons in nonhuman primates were
reported to have large receptive fields, centered on the con-
tralateral space [62-64]. Human fMRI studies reported a
similar organization with preferential responses to contralat-
eral locations and broad spatial tuning [38, 39]. The repre-
sentation of the auditory space in humans appears to be
lateralized, with greater bilaterality in the right and stricter
contralaterality in the left hemisphere [40]. This asymmetry
is particularly striking within the parietofrontal cortex, as
demonstrated in activation [65-68], magnetoencephalogra-
phy [69], transcranial magnetic stimulation [70, 71], and
lesion studies [44]. This frontoparietal asymmetry is further
supported by the patterns of structural and functional con-
nectivities [72, 73].

The above quoted evidence suggests that the region
invested by the ventral attentional system, and in particular
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the IPL, not only supports auditory alertness and attention,
but also the representation of auditory space. When shifted
to the left hemisphere after R-PA, the ventral attentional sys-
tem most likely upkeeps its alerting function, and hence the
positive effect on dichotic listening, as reported previously
[35] and here. The representation of the auditory space,
which depends on fine-tuned interactions within neuronal
populations, is very likely disturbed by the exposure to R-
PA. This may account for the detrimental effect of R-PA on
sound localization.

5. Conclusions

The beneficial effect of R-PA on auditory neglect appears to
be limited to the alleviation of left ear extinction in dichotic
listening. This particular effect can be parsimoniously
explained by the SHD-VAS model, that is, shift in hemi-
spheric dominance within the ventral attentional system,
induced by R-PA. This model has been initially formulated
on the basis of visual activation studies [28, 29], but its pre-
dictions appear to be valid for the effect of R-PA on left ear
extinction in dichotic listening. In particular, the observation
that the right dorsal attentional system needs to be intact to
obtain an alleviation of left extinction after R-PA is entirely
in adequation with this model. This observation is clinically
relevant, since it identifies anatomical profiles of patients
for whom R-PA is likely to alleviate ear-related symptoms
of auditory neglect.

The effect of R-PA on space-related measures of auditory
neglect is varied and mostly detrimental. This is particularly
apparent in auditory localization and may be accounted for
by the complex way auditory space is represented at a cortical
level. Whether the exacerbation of auditory localization def-
icits after exposure to R-PA has an impact on activities of
daily living is currently not known. The effect may be short
lived and possibly rapidly corrected as previously described
for the realignment of visuo- and auditoryspatial representa-
tions in the ventriloquism effect [74-76].

Abbreviations
IPL: Inferior parietal lobule
R-PA: Rightward prismatic adaptation

SHD-VAS: Shift in hemispheric dominance within the
ventral attentional system.
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Abstract

Rightward prismatic adaptation (R-PA) was shown to alleviate not only visuo-spatial but also auditory symptoms in neglect.
The neural mechanisms underlying the effect of R-PA have been previously investigated in visual tasks, demonstrating a
shift of hemispheric dominance for visuo-spatial attention from the right to the left hemisphere both in normal subjects and
in patients. We have investigated whether the same neural mechanisms underlie the supramodal effect of R-PA on auditory
attention. Normal subjects underwent a brief session of R-PA, which was preceded and followed by an fMRI evaluation dur-
ing which subjects detected targets within the left, central and right space in the auditory or visual modality. R-PA-related
changes in activation patterns were found bilaterally in the inferior parietal lobule. In either modality, the representation
of the left, central and right space increased in the left IPL, whereas the representation of the right space decreased in the
right IPL. Thus, a brief exposure to R-PA modulated the representation of the auditory and visual space within the ventral
attentional system. This shift in hemispheric dominance for auditory spatial attention offers a parsimonious explanation for
the previously reported effects of R-PA on auditory symptoms in neglect.

Keywords Supramodal - Prismatic adaptation - Functional MRI - Ventral attentional system - Inferior parietal lobule

Abbreviations Introduction

AG Angular gyrus

PSC  Percent signal changes Rightward prismatic adaptation (R-PA) was repeatedly
fMRI Functional magnetic resonance imaging shown to alleviate visuo-spatial symptoms in neglect (Ros-
IPL Inferior parietal lobule setti et al. 1998; Redding and Wallace 2006; Pisella et al.
R-PA  Rightward prismatic adaptation 2006; Rode et al. 2007; Danckert et al. 2008; Fortis et al.
L-PA Leftward prismatic adaptation 2011; Yang et al. 2013; Jacquin-Courtois et al. 2013). In
SMG Supramarginal gyrus addition, it was reported to lessen auditory symptoms by

reducing left ear extinction in dichotic listening (Jacquin-
Courtois et al. 2010; Tissieres et al. 2017) and by improv-
ing the detection of auditory targets (Eramudugolla et al.
2010). These latter observations suggest that R-PA may
Electronic supplementary material The online version of this have a supramodal effect. The mechanism by which R-PA
article (https://doi.org/10.1007/500429-017-1572-2) contains affects spatial attention is partially understood in the
supplementary material, which is available to authorized users. R . . i
visual but not in the auditory modality (e.g., Clarke and
P< Sonia Crottaz-Herbette Crottaz-Herbette 2016).
sonia.crottaz-herbette @chuv.ch Prismatic adaptation is a visuo-motor training task during
which subjects point to visual targets while wearing glasses
mounted with prisms. In neglect rehabilitation, the prisms
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prism deviation (Rossetti et al. 1998). The neural mecha-
nisms underlying the effect of R-PA have been investigated
in visual tasks. In normal subjects, several studies revealed
the involvement of the right posterior parietal cortex and in
the right cerebellum during the stages of the visuo-motor
adaptation (Clower et al. 1996; Danckert et al. 2008; Luauté
et al. 2009; Chapman et al. 2010; Kiiper et al. 2014). By
comparing task-related brain activations before and after
prismatic adaptation in normal subjects, Crottaz-Herbette
and colleagues have shown that R-PA modulates visuo-
spatial representations bilaterally in the inferior parietal
lobules (IPL) by increasing the representation of the left,
center and right visual field in the left IPL and decreasing
the representation of the right visual field in the right IPL
(Crottaz-Herbette et al. 2014). Using the same paradigm in
neglect, R-PA was found to enhance the representation of
left and central visual space within the left hemisphere in
IPL and in parts of the temporal and prefrontal convexities
(Crottaz-Herbette et al. 2017a). Thus, R-PA shifts the hemi-
spheric dominance for visuo-spatial attention from the right
to the left hemisphere (Clarke and Crottaz-Herbette 2016).
In contrast, L-PA was found to enhance the representation of
the right visual space within the right IPL (Crottaz-Herbette
et al. 2017b); this change offers a partial explanation for the
attentional bias towards the right space, which is charac-
teristic of the pseudo-neglect induced by L-PA in normal
subjects (Colent et al. 2000; Michel 2003; Martin-Arévalo
et al. 2016).

Auditory spatial processing relies heavily on the dorsal
auditory pathway and more particularly on IPL (Maeder
et al. 2001; Arnott et al. 2004; Brunetti et al. 2005; Deouell
et al. 2007; Hikkinen et al. 2015). Several lines of evidence
support right-hemispheric dominance for auditory spatial
functions. In particular, the right IPL was shown to be com-
petent for the whole auditory space, as demonstrated in acti-
vation (Bushara et al. 1999; Kaiser et al. 2000; Itoh et al.
2000; De Santis et al. 2007) and lesion studies (Tanaka et al.
1999; Spierer et al. 2009). In contrast, the left IPL is lim-
ited to the representation of the contralateral, right auditory
hemispace, as reported in EEG (Kaiser et al. 2000; Spierer
et al. 2008), transcranial magnetic stimulation (Lewald et al.
2002) and lesion studies (Clarke et al. 2000; Spierer et al.
2009). The regions, which are involved in auditory spatial
processing, are partially co-extensive with regions involved
in visuo-spatial functions; this is the case of parts of the
right IPL, this latter has been proposed to be involved in
multimodal spatial processing (Bushara et al. 1999).

The contiguity of visual and auditory spatial process-
ing units within the right IPL suggests that similar neural
mechanisms may underlie the effect of R-PA in both modali-
ties. If so, R-PA is likely to switch hemispheric dominance
not only of visual but also of auditory spatial representation
from the right to the left IPL. We have tested this hypothesis
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by comparing pre- and post-R-PA activation patterns elic-
ited by auditory or visual stimuli presented in the left,
central or right space in a between-subjects design. Acti-
vation data were analyzed with a mixed-design ANOVA,
with Session (pre, post R-PA) and Stimulus position (left,
center, right) as within-subject factors and Modality (visual,
auditory) as between-subjects factor. Four specific issues
were investigated. First, we have expected that R-PA has a
general impact on the processing within the left and right
IPL, independently of the modality. This was indeed dem-
onstrated by a massive main effect of Session. Second, R-PA
was expected to increase the representation of the ipsilateral
space within the left IPL and to decrease it within the right
IPL. This change was revealed by the interaction of the fac-
tors Stimulus position and Session, independently of the
modality. Third, the modulation by R-PA in the IPL may dif-
fer between modalities. If so, we would expect a significant
interaction between the factor Modality and Session, which
in fact did not occur within the IPL on either side. Fourth,
we have expected that R-PA modulates spatial representa-
tions in either modality in the IPL. This was demonstrated
by a significant main effect of Session in the IPL for each
modality separately.

Materials and methods
Participants

Thirty healthy right-handed (Oldfield 1971) subjects par-
ticipated in this study (16 in the auditory task: 8 men, mean
age=27.7 years, standard deviation (SD)=4.3 years; and 14
in the visual task: 7 men, mean age =26 years, SD =35 years).
None of the subjects had a history of psychiatric or neuro-
logical disorder; all reported normal or corrected-to-normal
vision and normal hearing. The study has been approved by
the Ethic Committee of the Canton de Vaud, Switzerland
and all subjects provided written informed consent accord-
ing to the procedures.

Experimental design

The experiment consisted of three parts: (1) the pre R-PA
MRI session; (2) R-PA; and (3) the post R-PA MRI Ses-
sion. Subjects started the experiment by anatomical MRI
sequences and fMRI acquisitions of the auditory or the
visual detection task. Other anatomical and functional
sequences were acquired for the purpose of another study,
but are not reported here. Then subjects underwent a R-PA
session outside the scanner room. After the R-PA session,
subjects had a second fMRI session, repeating the same
task as before the R-PA (i.e., the visual or auditory detec-
tion task). As in the previous study (Crottaz-Herbette et al.
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2014), the order of tasks within the pre- and post-PA fMRI
sessions was counterbalanced across subjects. In addition,
the same time schedule was used, for which the adaptation
effects where shown to be preserved throughout the time
span of the post-PA fMRI acquisition (Crottaz-Herbette
et al. 2014).

Auditory detection task

The design of the auditory task was similar to the design
used in our previous visual task (Crottaz-Herbette et al.
2014). It was used to reveal changes in the spatiotopic rep-
resentation of sounds and hence it was important that per-
formance remained as constant as possible before and after
the R-PA session. Auditory stimuli were bursts of pink noise
presented for 500 ms. Sounds onset and offset were ramped
with 10 ms of a linear slope. Broadband noise was cho-
sen because it was proven to be better for localization tasks
than tones (Recanzone 2000). Three different positions were
used: 30° to the left of the medio-sagittal plane, the medio-
sagittal plane (0°) or 30° to the right of the medio-sagittal
plane; the three positions were easily discriminated by all
subjects. Sounds were elaborated using interaural level dif-
ferences (ILD): a difference of 4 dB between left and right
channels was used to create stimuli at 30° to the left or to
the right. A sound without intensity difference between the
two channels was used to create central stimuli. Sounds were
created using Audacity 2.1.0 (http://audacity.sourceforge.
net/). Positions of the stimuli were pseudo-randomized; each
sound was presented 20 times. The inter-event intervals were
jittered and lasted up to 20 s with a step of 1 s. The total
task length was 6 min 44 s. During the task, subjects had to
maintain their gaze straight-ahead by looking at a red cross
in the center of the screen. Subjects were asked to press on a
button with their right index when a target was detected. The
task was developed using E-Prime 2.0 (Psychology Software
Tools, Inc.).

Visual detection task

The visual task and corresponding fMRI and behavioral data
came from our previous study (Crottaz-Herbette et al. 2014),
however, the whole set of fMRI data were reprocessed in the
same way as the newly acquired auditory detection task (see
data analysis below). Visual stimuli were large white stars
on a black background, presented for 500 ms in three dif-
ferent positions: in the midsagittal plane, at 20° to the right
or 20° to the left. The positions of the stimuli were pseudo-
randomized and each of them was presented 20 times. The
jitter of inter-event intervals was up to 20 s with a step of 1 s.
The duration of the task was 6 min 44 s. A red cross in the
center of the screen helped subjects to maintain their gaze
straight-ahead. Subjects pressed on a button with their right

index when they detected a target. E-Prime 2.0 (Psychology
Software Tools, Inc.) was used to develop the task.

Prismatic adaptation

Participants underwent a R-PA session outside the scanner.
The adaptation consisted of 3 min (around 150 movements)
of pointing with the right index to two black dots presented
at a distance of 57 cm and 14° to the left or to the right
of their midsagittal plane. Their head was positioned on a
chinrest and the first two-thirds of the pointing trajectories
were hidden from their sight. During these movements, all
participants wore prisms (http://www.optiquepeter.com) that
deviated the entire visual field 10° to the right (Rossetti et al.
1998; Redding et al. 2005; Rode et al. 2006; Pisella et al.
2006; Jacquin-Courtois et al. 2013; Crottaz-Herbette et al.
2014). The aftereffect was assessed immediately after the
adaptation by measuring the pointing errors. Subjects fixated
a dot without prisms, then closed their eyes and pointed to
the dot. The pointing error was measured twice, for the left
and the right dot. Negative values corresponded to a devia-
tion of the pointings to the left of the targets. The point-
ing errors to both dots were averaged and compared across
experimental groups using an unpaired ¢ test.

Imaging data acquisition

MRI and event-related fMRI were acquired at the Lemanic
Biomedical Imaging Center (CIBM) in the CHUYV, Laus-
anne on a 3T Siemens Prisma scanner (auditory task) with
a standard 20-channel head-coil and on a 3T Siemens Trio
scanner (visual task) with a standard 32-channel head-coil.
Functional MR images were acquired with a single-shot
echo planar imaging gradient echo sequence (repetition
time=2 s; flip angle =90°; echo time =30 ms; number
of slices =32; voxel size=2Xx2 X3 mm (auditory task),
3x3x3 mm (visual task); 10% gap). The 32 slices, were
acquired in a sequential ascending order, and covered the
whole head volume in the AC-PC plane. A high-resolution
T1-weighted 3D gradient echo sequence was acquired for
each participant (240 slices (auditory task), 160 slices (vis-
ual task), voxel size=1x1x 1 mm). These T1 images were
used for the co-registration with the functional images in the
subsequent processing procedure.

Data analysis

Behavioral tasks

On behavioral data acquired during fMRI, mixed three-way
ANOVAs were conducted on the mean accuracy and on

the mean reaction times with Modality (auditory, visual)
as a between-subjects factor; and Session (pre, post) and
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Stimulus position (left, center, right) as within-subject fac-
tors. Analyses were processed using R (R Development Core
Team 2008, Vienna, Austria).

fMRI data

Auditory and visual imaging data were processed using Sta-
tistical Parametric Mapping (SPM12, Wellcome Department
of Cognitive Neurology, London, UK). Data were first cor-
rected for motion by applying a six-parameter rigid-body
transformation minimizing the difference between each
image and the first scan. Slice timing correction was per-
formed on these realigned images. For each participant,
these functional images and the anatomical image were
co-registered and then normalized to the Montreal Neuro-
logical Institute (MNI) template using the deformation field
calculated by SMP12. Normalized functional images were
resliced to a 2 X2 X2 mm voxel size and anatomical images
to a 1 X 1x 1 mm voxel size. These functional images were
finally spatially smoothed to increase the signal-to-noise
ratio using an isotropic Gaussian kernel of 6 mm FWHM.
Statistics at the subject-level were done across the whole
brain in a voxelwise manner. The general linear model was
conducted using a canonical hemodynamic response. The
six realignment parameters were included in the model as
regressors. Linear contrasts were specified for the two ses-
sions in the same design matrix.

In the second-level analysis, a mixed-design ANOVA was
performed with the factor Modality (auditory, visual) as a
between-subject factor and the factor Stimulus position (left,
center, right) and Session (pre, post) as within-subject fac-
tors. From this ANOVA, the main effect of the factor Session
allowed determining which regions are modulated by R-PA
independently of the Modality or Stimulus position. The
interaction between the factor Session and Stimulus posi-
tion revealed where R-PA’s effect varies with the change in
stimulus position independently of the modality. Post hoc

ANOVAs on the factor Stimulus position and Session were
conducted separately for each modality. The statistical maps
of activation for these analyses were thresholded at p <0.05
and cluster extent of k=50 (above the expected number of
voxels per cluster as provided automatically by SPM12). The
interaction between the factor Modality and Session revealed
where the effect of R-PA is different between modalities,
independently of the stimulus position. The statistical maps
of activation for this analysis were thresholded at p <0.05
and cluster extent of k=36 (above the expected number of
voxels per cluster as provided automatically by SPM12).

Regions of interest

The regions of interest (ROIs) analyses were conducted
on the clusters of activation in the IPL in the interaction
between the factor Stimulus position and Session. They were
constructed as spheres with a 3 mm diameter.

Results
Behavioral data

The visuo-motor R-PA aftereffect, i.e., the pointing error
after the removal of the prisms, was observed in the group
performing the auditory (M =—7.12°, SD=1.4°) and the
visual paradigm (M =—8.6°, SD =2.6°) and did not differ
significantly between the groups, f (23.5)=1.96, p=0.06.
The accuracy and reaction times of the visual and of the
auditory detection tasks performed during the fMRI para-
digm were analyzed using mixed-design ANOVAs with the
factor Modality (auditory, visual) as a between-subjects
factor and the factors Stimulus position (left, center, right)
and Session (pre, post) as within-subject factors (Table 1).
Subjects showed high accuracy for all conditions, rang-
ing between 90 and 100%. The ANOVA on accuracy data

Table 1 Behavioral results for the detection tasks. Mean and standard deviation (SD) for the accuracy and the reaction time (RT), by Session and

Stimulus position

Pre Post
Left Center Right Mean Left Center Right Mean
Auditory Auditory
Mean RT (ms) 403.0 411.0 411.0 408.3 Mean RT (ms) 391.0 383.0 400.0 391.3
SD of RT 105.3 100.7 95.3 100.5 SD of RT 101.5 107.5 105.9 105.0
Mean accuracy (%) 98.9 97.5 99.3 98.6 Mean accuracy (%) 98.6 98.6 99.6 98.9
SD of accuracy 2.1 4.3 2.7 3.0 SD of accuracy 3.06 2.34 1.3 2.3
Visual Visual
Mean RT (ms) 408.0 400.0 405.0 404.3 Mean RT (ms) 424.0 409.0 420.0 417.7
SD of RT 54.8 533 493 52.5 SD of RT 71.2 554 56.4 61.0
Mean accuracy (%) 97.9 100.0 96.8 98.2 Mean accuracy (%) 99.3 98.9 99.6 99.3
SD of accuracy 3.8 0.0 6.1 33 SD of accuracy 1.8 2.9 1.3 20.0
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showed a significant interaction between the factor Modality
and Stimulus position [F (2, 52)=4.202, p=0.02], which
was driven by a lower accuracy for right targets in the visual
modality and for central targets in the auditory modality. The
other interactions and all main effects were not significant.

For the reaction times, the ANOVA showed a significant
main effect of the factor Stimulus position [F (2, 26)=3.25,
p=0.047], subjects had shorter reaction times for central
stimuli and longer reaction times for right stimuli. Results
also showed a significant interaction between the factor
Session and Modality [F (2, 52)=4.609, p=0.041]. This
interaction was driven by longer reaction times after R-PA
compared to before R-PA in the visual task, and vice-versa
for the auditory task.

In summary, behavioral results confirmed that the tasks at
hand were fit for the use of a spatiotopic analysis. First, both
the auditory and the visual detection tasks were performed
at a high level of accuracy, which was not modulated by
R-PA. Second, although reaction times were modulated by
R-PA, the effect did not differ in a given modality between
the three positions.

Intervention-related changes in activation patterns

Activation patterns elicited by the target detection tasks were
analyzed by a general mixed-design ANOVA including the
between-subject factor Modality (auditory, visual) and the
within-subject factor Stimulus position (left, center, right)
and Session (pre, post). The following analyses addressed
our specific hypotheses.

General impact of R-PA on spatial processing

The main effects of the factor Session (Fig. 1a) involved
a large activation in the left angular gyrus and, to smaller
extents, bilateral activations in the insula, supramarginal
gyrus, superior temporal gyrus, and prefrontal regions; left
activations in the cerebellum and right activations in the
middle temporal gyrus and the precuneus. These effects did
not depend on the modality or on the stimulus position.

Modulation of the representation of the ipsilateral space
within IPL

The interaction between the factor Stimulus position and
Session, independently of the modality, was significant in the
left and right IPL, the left Heschl’s gyrus, the right fusiform
gyrus and to a smaller extent, in the middle frontal gyrus,
precuneus and insula on both hemispheres (Fig. 1b; Table 2
for more details). ROIs analyses (Fig. 1c; Table 2) showed
that within the left and right IPL, this interaction was driven
by an increase in activation after R-PA when targets were on
the left and center and a decrease in activation after R-PA

when targets were on the right. Thus, R-PA induced greater
activation for ipsilateral targets within the left hemisphere
and a decrease in activation for ipsilateral targets in the right
IPL, independently of the target modality.

Modality-specific effects of R-PA

Putative differences in the effect of R-PA on either modality
were assessed by the interaction Modality X Session. No sig-
nificant interaction was present in IPL on either side. Small
significant clusters were observed in the left postcentral
gyrus, insula and cerebellum, in the right middle temporal
sulcus and bilaterally in the middle and inferior frontal gyri
(Fig. 1d).

The modality-specific effect of R-PA was assessed for
each modality with two-way ANOVAs including the within-
subject factor Stimulus position (left, center, right) and Ses-
sion (pre, post). In the left IPL, more precisely in the angular
gyrus, the cluster showing a significant main effect of Ses-
sion for the auditory modality overlapped with the cluster
showing a significant main effect of Session for the visual
modality (Fig. 2top, Table 3). In the right hemisphere, audi-
tory and visual tasks also led to a main effect of Session in
the IPL, but in the supramarginal gyrus. These activations
in the right SMG in each modality were adjacent, not over-
lapping. In addition to the angular and supramarginal gyri,
significant main effect of Session included in the auditory
modality bilaterally prefrontal regions, the cerebellum, the
precuneus and superior temporal gyri; the left inferior pari-
etal lobule and postcentral gyrus and the right middle tem-
poral gyrus; and in the visual modality bilaterally prefron-
tal regions, and the right middle temporal gyrus (Fig. 2top,
Table 3).

The effect of R-PA on spatial representations in each
modality was assessed in ROIs centered on peaks of activa-
tion in the IPL (for coordinates see Table 3). In the auditory
modality, the increased activity observed on the left hemi-
sphere and the decreased activity observed on the right hem-
isphere corresponded respectively to the enhancement of the
representation of the left, central and right space within the
left angular gyrus and to the decreased representation of the
right space (and partially of the central and left space) in the
right supramarginal gyrus (Fig. 2bottom part). Similarly, in
the visual modality, the representation of the left, central
and right space was enhanced within the left angular gyrus,
whereas the representation of the right space decreased in
the right supramarginal gyrus.

Post hoc analyses (f tests) on the activation related to
the effect of R-PA on each stimulus position and on each
modality separately confirmed these changes (Supplemen-
tary Information). In particular, surface renderings of the
activation showed that R-PA yielded a significant increase in
the representation of the left, central and right space within
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Three-way ANOVA: Modality x Stimulus position x Session

Main effect of Session

Left inferior parietal lobule Right inferior parietal lobule

Mean PSC across modalities Mean PSC across modalities

Session Session
Pre

Pre
u Post

PSC [AU]

® Post

Center

Center Right

Stimulus Position

Stimulus Position

Interaction (Modality x Session)

illustrating the percent signal changes (PSC) for the left (coordinates:
—48/—46/46) and right IPL (coordinates: —42/—50/52) for both
asks at each stimulus position. All maps are thresholded at p <0.05,

k=50

Fig. 1 Surface renderings of significant brain activations during the
auditory and visual detection tasks in the mixed-design ANOVA,
for a the main effect of Session, b the interaction Stimulus posi-
tion X Session and d the interaction Modality X Session. ¢ Barplots

@ Springer




Brain Structure and Function (2018) 223:1459-1471

1465

Table 2 Coordinates of the main clusters, listed in MNI atlas space with their local maxima and anatomical details of their extend, showing sig-
nificant effects for the interaction (Stimulus position X Session) in the general ANOVA

Anatomical region H BA MNI coordinates Peak intensity Nb of voxels
Interaction (Stimulus position X Session)
Inferior parietal lobule, supramarginal gyrus R 40 42/-50/52 8.83 501
Inferior parietal lobule L 40 —48/—46/46 7.35 204
Middle frontal gyrus, superior frontal gyrus R 8/9 32/18/46 7.33 135
Fusiform gyrus, lingual gyrus and middle occipital gyrus R 37/18/19 32/—-66/-12 5.51 152
Fusiform gyrus, parahippocampal gyrus L 37 —36/-50/-16 5.83 50
Inferior frontal gyrus, middle frontal gyrus L 45/46 —40/30/20 7.97 138
Insula, inferior frontal gyrus R 13/14/47/45 36/20—4 7.44 104
Insula, inferior frontal gyrus L 13/14/45/47 —38/22/0 6.63 129
Precuneus, superior and inferior parietal lobules, cuneus, L 7/5/140/17 —6/—72/46 8.31 789
superior occipital lobe
Precuneus, superior and inferior parietal lobules, angular R 7/5140/39/17 4/—64/54 7.93 805
gyrus, superior occipital lobe
Hippocampus R 28/—8/-20 12.55 76

the left IPL and a significant decrease of right space in the
right IPL for the auditory modality. For the visual modality
surface renderings of R-PA-related activation showed that
R-PA yielded a significant increase in the representation of
the left, central and right space within the left IPL and a
significant decrease of right auditory space in the right IPL.

In summary, these results demonstrate that R-PA modu-
lates within the right and left IPL not only visuo-spatial but
also auditory spatial representations. Furthermore, they pro-
vide the following answers to our hypotheses. First, R-PA
has an impact on visual and auditory attentional processing
within the left and right IPL, as demonstrated by a massive
main effect of Session, independently of the modality. Sec-
ond, the significant interaction between the factor Stimulus
position and Session, independently of the modality, con-
firmed that R-PA enhances the representation of the ipsi-
lateral space within the left IPL and decreases it within the
right IPL. Third, the modulation by R-PA within the IPL did
not differ between the modalities, as indicated by the lack of
significant interaction in the IPL between the factor Modal-
ity and Session. Fourth, R-PA-modulated spatial representa-
tions within the IPL in either modality, as demonstrated by
modality-specific ANOVA analysis. In particular, in either
modality, the representation of the left, central and right
space increased in the left IPL, whereas the representation
of the right space decreased in the right IPL.

Discussion

Our results demonstrate that a brief exposure to R-PA modu-
lates the processing of auditory stimuli within the inferior
parietal cortex. It enhances the involvement of the left angu-
lar gyrus in the detection of left, central and right targets and

decreases the involvement of the right supramarginal gyrus
for right targets. Thus, R-PA shifts hemispheric dominance
for auditory spatial attention from the right to the left IPL.
This effect of R-PA is similar to the previously described
hemispheric shift for visuo-spatial attention (Crottaz-Her-
bette et al. 2014; Clarke and Crottaz-Herbette 2016).

The above described changes occur very rapidly, fol-
lowing a brief exposure to R-PA. The underlying neural
mechanisms may, therefore, rely on pre-existing ipsilateral
representations of the auditory space within the left hemi-
sphere and on supramodal effects of PA. Furthermore, the
R-PA-induced shift in hemispheric dominance for auditory
spatial attention offers a parsimonious explanation for the
previously reported effects on dichotic listening (Jacquin-
Courtois et al. 2010; Tissieres et al. 2017) and auditory tar-
get detection in neglect (Eramudugolla et al. 2010).

Networks underlying auditory spatial
representations and auditory attention

Studies in non-human primates indicate that auditory areas
encode auditory space in a distributed fashion, without an
orderly topographical map (Stecker et al. 2003, 2005; Har-
rington et al. 2008). Single neurons tend to have large recep-
tive fields which are centered on locations within the con-
tralateral space (Recanzone 2000; Stecker et al. 2003; Woods
et al. 2006). Human auditory areas on the supratemporal
plane are organized very similarly, but with hemispheric dif-
ferences. FMRI studies reported preferential responses to
contralateral locations with broad spatial tuning (Derey et al.
2016; McLaughlin et al. 2016). Activation patterns revealed
greater bilaterality of responses on the right and stricter con-
tralaterality on the left supratemporal side (Stecker et al.
2015).
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Main effects of session on

Left Angular Gyrus
Mean PSC

Session
PRE
wPOST

Center Right
Stimulus Position

Left Angular Gyrus

Mean PSC

. I - Session

PRE
uPOST

Center Right
Stimulus Poesition

Fig.2 Surface renderings of brain activations for the main effect of
Session during the auditory and visual tasks separately (in the two-
way ANOVA Stimulus position X Session). Activations for the audi-
tory task in purple and for the visual task in yellow. Barplots illustrat-

The representation of the auditory space outside the
supratemporal plane is largely asymmetrical, with a right-
hemispheric dominance. A series of fMRI (Bushara et al.
1999; Maeder et al. 2001; Arnott et al. 2004; De Santis
et al. 2007), magnetoencephalography (Kaiser et al. 2000),
transcranial magnetic stimulation (At et al. 2011; Lewald
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ing the percent signal changes (PSC) in the left AG and right SMG
for each task at each stimulus position. All maps are thresholded at
p<0.05, k=36

and Getzmann 2011) and lesion studies (Spierer et al.
2009) reported the involvement of the right fronto-parietal
cortex in the representation of the whole auditory space,
whereas the left fronto-parietal cortex was focused on the
contralateral, right space. Comparing activation patterns
elicited by auditory stimuli in left, central or right failed to
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Table 3 Main effect of Session for each Modality separately. Coordinates of the main clusters, listed in MNI atlas space with their local maxima
and anatomical details of their extent, showing significant activation for the main effect of Session on the two-way ANOVAs

Anatomical region H BA MNI coordinates Peak intensity Nb of voxels
Auditory task
Angular gyrus: cluster extending to inferior parietal lobule, superior parietal L 39/40/7  —44/—60/40 11.39 516
lobule, precuneus
Angular gyrus R 39 48/—-74/32 7.47 36
Supramarginal gyrus: cluster extending to inferior parietal lobule R 40 58/—42/34 13.45 179
Supramarginal gyrus: cluster extending to postcentral gyrus, superior temporal L 40/38/5 —62/—32/34 15.02 727
gyrus and inferior temporal gyrus
Visual task
Angular gyrus: cluster extending to inferior parietal lobule, supramarginal L 39/40/42 —44/-62/30 18.82 788
gyrus, middle and superior temporal gyri
Supramarginal gyrus: cluster extending to inferior parietal lobule, superior R 40/42/21 60/—32/28 7.75 127

temporal gyrus

reveal topographic representations of the auditory space;
however, stronger activation were reported by central
auditory stimuli in the right IPL and by left stimuli in the
posterior part of the left middle temporal gyrus (Zimmer
et al. 2006).

Electrophysiological studies suggest two stages of audi-
tory spatial processing; at short post-stimulus latencies, each
hemispace appears to involve preferentially the contralat-
eral temporoparietal cortex, while at latter latencies both
hemispaces implicate the right parietal cortex, reflecting the
right-hemispheric dominance for auditory spatial represen-
tation (Kaiser and Lutzenberger 2001; Tardif et al. 2006;
De Santis et al. 2007; Spierer et al. 2009; At et al. 2011).
Patterns of structural and functional connectivity further
support this fronto-parietal asymmetry and the right-hem-
ispheric dominance model for auditory spatial perception
(Dietz et al. 2014; Cammoun et al. 2015).

Auditory spatial representations are malleable and can
be modulated by auditory manipulations. In a behavioral
study, subjects were exposed to long-term monaural dis-
tortions of the perceived spectrum, which lead to deficits
in sound localization with subsequent recalibration of the
percept (Wanrooij and Opstal 2005). A later imaging study
demonstrated that behavioral recalibration due to shifted
interaural time differences was associated with shifts of spa-
tial representation within both hemispheres (Trapeau and
Schonwiesner 2015).

The simultaneous presentation of auditory and visual
stimuli at different locations can introduce a bias to the
auditory spatial perception. Referred to as the ventriloquism
effect, this phenomenon appears rapidly and can last for over
20 min (Recanzone 1998). EEG and fMRI studies reported
changes in auditory spatial representations and highlighted
the role of the left-right balance within the planum tem-
porale as putative neural mechanism (Bonath et al. 2007,
2014).

The effect of R-PA is not the only example of supramodal
effect of visuo-motor adaptation on auditory spatial func-
tions. A previous behavioral study reported the effects of a
visuo-motor adaptation through exposure to a rotated screen
cursor—hand relationship. A brief exposure yielded visuo-
motor and similar auditory-motor after effects. This adap-
tation effect did not require active cross-modal experience
(Kagerer and Contreras-Vidal 2009).

Attending to auditory stimuli involves a wide range of
regions in either hemisphere. Non-spatial auditory alertness
was shown to rely on an extended, predominantly right-
hemispheric network including frontal, cingular, inferior
parietal, temporal and thalamic regions (Sturm et al. 2004).
Comparing regions involved in auditory and in visual alert-
ness revealed modality-specific regions within posterior
parietal and frontal cortices; the only region involved in both
modalities was the right superior temporal gyrus (Thiel and
Fink 2007).

Auditory spatial attention was investigated with different
paradigms, which highlighted the contribution of different
neural networks. Selective attention to stimuli presented in
one ear was found to activate the supplementary motor area,
the left postcentral cortex and precentral regions bilaterally;
in addition the superior temporal gyrus was activated, with
a preference for attending to the contralateral ear (Tzou-
rio et al. 1997; Alho et al. 1999). A later study reported an
overall right-hemispheric dominance for auditory attention,
which was modulated by eye position (Petit et al. 2007).

Selective attention to auditory or visual stimuli, which
were presented in simultaneous streams, activated, in addi-
tion to the modality-specific cortices, overlapping regions
in the inferior parietal cortex, more on the right than the left
side (Salo et al. 2013). Smith and colleagues (Smith et al.
2010), with an orthogonal-cueing paradigm, investigated
in a within-subject design the similarities between the pat-
terns of activations for visual and auditory stimuli during a
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spatial attentional task. Results showed that visual and audi-
tory tasks recruit similar networks. The regions common to
the two spatial tasks highlighted by their study are the sup-
plementary motor area, the posterior parietal cortex and the
frontal eye fields. The authors suggest that these three areas
might be representative of a supramodal attentional network.

In summary, the above-quoted evidence shows that rep-
resentation of the auditory space and auditory attention
depends to a great extent on a right-dominant parieto-fron-
tal network. There are, however, indications that the left
hemisphere may comprise discrete representations of the
ipsilateral auditory space. An fMRI study reported that the
left middle temporal gyrus, but not the IPL. was strongly
activated by left-sided auditory stimuli (Zimmer et al. 2006).
A later EEG study has shown that a left temporo-prefron-
tal network supported a position-linked representation of
sound objects across the whole auditory space (Bourquin
et al. 2013; Clarke and Geiser 2015). It is currently unclear,
how far these left-hemispheric representations contribute to
the effect of R-PA. Alternatively, the left-lateralized motor
attentional system (Rushworth et al. 2001, 2003) may be at
the origin of the bilateral spatial representation within the
left IPL.

The supramodal effect of R-PA on auditory space repre-
sentation is in line with the previously described examples
of auditory—visual spatial interactions, such as the ventril-
oquism effect (e.g., Bonath et al. 2014, 2007; Recanzone
1998) or auditory-motor after effects following visuo-motor
adaptation (Kagerer and Contreras-Vidal 2009).

Auditory neglect and rightward prismatic
adaptation

Auditory neglect is characterized by impaired attention to
left-sided stimuli. Most commonly, this is observed in para-
digms where auditory stimuli are presented from the right
and left side simultaneously, to either ear (dichotic listening:
Heilman and Valenstein 1972; Hugdahl et al. 1991) or later-
alized to the left or right space by means of interaural cues
(diotic listening: Bellmann et al. 2001; Thiran and Clarke
2003; Spierer et al. 2007). Neglect phenomena have been
also proposed to play a role in alloacousia, i.e., systematic
left to right bias in sound localization (Bisiach et al. 1984).
Left-sided extinction on dichotic or diotic listening and the
distortion of auditory space perception can occur indepen-
dently of each other and define most likely different types of
auditory neglect (Bellmann et al. 2001; Thiran and Clarke
2003; Spierer et al. 2007).

Two previous studies demonstrated an effect of R-PA on
auditory neglect. In both instances, the shift in hemispheric
dominance for auditory spatial attention from the right to
the left IPL, which we have described here, offers a parsi-
monious explanation of the underlying neural mechanisms.
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The ventral attentional system is known to be involved in
the detection of unexpected stimuli, and therefore, in the
reorienting of attention (Corbetta and Shulman 2002; Igel-
strom and Graziano 2017; Shulman et al. 2003, 2010; Todd
et al. 2005). In neglect, it is generally damaged and can no
longer support the detection of targets (Corbetta and Shul-
man 2002). The shift of the ventral attentional system to
left IPL is likely to restore the alerting input to the dorsal
attentional system on either sides, both for auditory and
visual targets (Crottaz-Herbette et al. 2014, 2017a; Clarke
and Crottaz-Herbette 2016).

In the first study, R-PA was shown to improve overall
performance on auditory target detection without, however,
restoring the spatial gradient of attention (Eramudugolla
et al. 2010). The overall improvement may be related to
our observation that R-PA enhances left IPL activation by
auditory stimuli independently of whether they occur in
left, central or right space. Two other studies demonstrated
R-PA-induced alleviation of left ear extinction on dichotic
listening; this effect was specific to the detection asymme-
try between the two ears and did not affect general arousal
(Jacquin-Courtois et al. 2010; Tissieres et al. 2017). The
side-specific effect in this study may be due to the nature of
stimuli which were used. Both studies used a verbal dichotic
listening paradigm, in which pairs of phonological similar
bisyllabic words were presented and the task consisted in
repeating the words. The repetition task depends critically
on left-hemispheric speech networks. It is likely that the
restoration of the left ear input to the left IPL had in this
configuration a greater functional impact than the enhance-
ment of the right ear input.

Direction-specific effects of PA

Several lines of evidence suggest that partially different
neural mechanisms underlie the effects of R-PA and L-PA.
R-PA was shown to induce a shift in hemispheric domi-
nance of the ventral attentional system from the right to the
left hemisphere in the visual modality, both in normal sub-
jects and in neglect patients (Crottaz-Herbette et al. 2014,
2017a), and in the auditory modality (here). This shift offers
a parsimonious explanation of behavioral effects of R-PA. In
normal subjects, only few such changes were reported and
they can be attributed to the changes in information flow
between early-stage visual areas and the right and left IPL
(for detailed discussion see (Clarke and Crottaz-Herbette
2016): (1) the rightward shift in visual midpoint judgments
in extrapersonal, but not in peripersonal space (Berberovic
and Mattingley 2003); speeding of exogeneous reorienting
of attention from invalid cues for targets on the right side
(Striemer et al. 2006); and (2) the modulation of oculomotor
performance in a double-step saccade paradigm (Bultitude
et al. 2013). In neglect, R-PA was reported to reduce the
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visuo-spatial bias in tasks which involve the dorsal atten-
tional system (Striemer and Danckert 2010); this effect is
likely to be mediated by the left IPL, which after R-PA relays
stimulus-driven input to the right dorsal attentional system
(for detailed discussion see Clarke and Crottaz-Herbette
2016). R-PA was also found to alleviate left ear extinction
in dichotic listening tasks (Jacquin-Courtois et al. 2010; Tis-
sieres et al. 2017). The shift of left auditory space repre-
sentation to the left IPL offers a likely explanation for this
effect.

L-PA was shown to strengthen right-hemispheric domi-
nance of the ventral attentional system by enhancing the
representation of the right visual space within the right IPL
(Crottaz-Herbette et al. 2017b). The resulting overempha-
sis of the right visual space within the right IPL offers a
parsimonious explanation of neglect-like effects induced by
L-PA in normal subject performances (Colent et al. 2000;
Martin-Arévalo et al. 2016; Crottaz-Herbette et al. 2017b).

Conclusions

A brief exposure to R-PA modulated the representation of
the auditory and of the visual space within the ventral atten-
tional system by enhancing, in either modality, the repre-
sentation of the left, central and right space in the left IPL,
and reducing the representation of the right space in the
right IPL. The effect of R-PA occurred very rapidly and may,
therefore, rely on pre-existing ipsilateral spatial representa-
tions within the left hemisphere. Previous studies suggest
that discrete parts of the left hemisphere may encode ipsi-
lateral auditory space. The left middle temporal gyrus, but
not the IPL, was reported to be strongly activated by left-
sided auditory stimuli (Zimmer et al. 2006). A left temporo-
prefrontal network was shown to support a position-linked
representation of sound objects across the whole auditory
space (Bourquin et al. 2013; Clarke and Geiser 2015). Alter-
natively, the bilateral spatial representations within the left
IPL may be related to the left-lateralized motor attentional
system (Rushworth et al. 2001, 2003).

The modulation of auditory spatial representations by
R-PA is a further example of auditory—visual interactions,
such as those involved in the ventriloquism effect (e.g., Bon-
ath et al. 2014, 2007; Recanzone 1998) or auditory-motor
after effects following visuo-motor adaptation (Kagerer and
Contreras-Vidal 2009).

The shift in hemispheric dominance for auditory spatial
attention from the right to the left IPL offers a parsimoni-
ous explanation for the effect of R-PA on dichotic listening
and target detection in neglect (Jacquin-Courtois et al. 2010;
Eramudugolla et al. 2010). It is currently unknown, whether
R-PA affects similarly other auditory symptoms of neglect,
such as the shift in auditory spatial attention and alloacousia.
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Abstract

A brief exposure to rightward prismatic adaptation (PA) was shown to shift visual field representation within the inferior
parietal lobule (IPL) from the right to the left hemisphere. This change in hemispheric dominance could be interpreted
as (1) a general effect of discrepancy in visuomotor alignment caused by PA or (2) a direction-specific effect of
rightward PA. To test these hypotheses, we compared the effects of rightward and leftward PA on visual represen-
tation in normal human subjects. Three groups of normal subjects underwent an fMRI evaluation using a simple visual
detection task before and after brief PA exposure using leftward- or rightward-deviating prisms or no prisms (L-PA,
R-PA, neutral groups). A two-way ANOVA group X session revealed a significant interaction suggesting that
PA-induced modulation is direction specific. Post hoc analysis showed that L-PA enhanced the representation of the
right visual field within the right IPL. Thus, a brief exposure to L-PA enhanced right hemispheric dominance within the
ventral attentional system, which is the opposite effect of the previously described shift in hemispheric dominance
following R-PA. The direction-specific effects suggest that the underlying neural mechanisms involve the fine-tuning
of specific visuomotor networks. The enhancement of right hemispheric dominance following L-PA offers a parsimo-
nious explanation for neglect-like symptoms described previously in normal subjects.

Key words: fMRI; inferior parietal lobule; prismatic adaptation; visual field

(s )

Leftward-deviating prisms (L-PA) increased the representation of the right visual field within the right inferior
parietal lobule (IPL). This enhancement of the right hemispheric dominance within the ventral attentional
system contradicts the dominance shift, from right to left hemisphere, which is induced by rightward-
deviating prisms (R-PA). Thus, the PA-induced modulation of hemispheric dominance within the ventral
attentional system is sensitive to the direction of prismatic deviation and is likely to depend on fine-tuning
of specific visuomotor networks. The overemphasis of right visual field representation within the (right)
kventral attentional system offers a parsimonious explanation for neglect-like effects following L-PA. j

ignificance Statement

Introduction field to the right or to the left. First pointings are charac-

Prismatic adaptation (PA) consists of a brief session terized by errors that disappear after 10-15 trials. The
during which subjects point to targets under visual control ~ adaptation is typically measured once the prisms are
while wearing goggles with prisms that deviate the visual =~ removed by the so-called “aftereffect” that corresponds
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to the pointing errors opposite to the deviation and that
reflects the prism-induced sensorimotor realignment
(Weiner et al., 1983). Adaptation to rightward-deviating
prisms (R-PA) yields a systematic leftward deviation of
visuomotor and proprioceptive responses, whereas adap-
tation to leftward-deviating prisms (L-PA) yields a system-
atic rightward deviation (Rossetti et al., 1998; Redding
et al., 2005; Jacquin-Courtois et al., 2013).

The neural processes underlying ongoing PA have been
studied in normal subjects during different stages of PA.
These studies showed primary activation within the
parieto-temporal cortex and the cerebellum, suggesting a
visual and proprioceptive spatial realignment during L-PA
(Luauté et al., 2009; Chapman et al.,, 2010) and R-PA
(Danckert et al., 2008); alternating L-PA and R-PA was
used in an early study and provided evidence for the
involvement of parietal cortex in adaptation (Clower et al.,
1996). The effects after the adaptation have been inves-
tigated in normal subjects using rightward deviating
prisms (Crottaz-Herbette et al., 2014). By comparing task-
related activations acquired pre and post-PA, this study
showed that R-PA bilaterally modulated the activation in
the inferior parietal lobule (IPL) during visual target detec-
tion by increasing the representation of left, central, and
right visual fields in the left IPL and by decreasing the
representation of right and central visual fields in the right
IPL. Thus, R-PA shifted hemispheric dominance for visu-
ospatial representation within the ventral attentional sys-
tem from the right to the left hemisphere; this shift is most
likely one of the key mechanisms which underlies thera-
peutic effect of R-PA in neglect (Clarke and Crottaz-
Herbette, 2016).

This rapid change in hemispheric dominance could be
interpreted in two different ways. First, it may be induced
by any discrepancy in sensorimotor realignment, possibly
by uncovering pre-existing bilateral visual representations
within the left IPL (de Haan et al., 2015) or by tapping into
the left-dominant motor attentional system (Rushworth
et al., 2001, 2003). If this is the case, then adaptations to
leftward or rightward prisms should lead to similar mod-
ulations of the ventral attentional system with an in-
creased activation of the left IPL and a decreased
activation of the right IPL during a visual detection task
after both adaptations. Second, the change in hemi-
spheric dominance may be specific to the direction of PA,
suggesting that fine-tuning of visuospatial representa-
tions in response to specific visuomotor adaptation plays
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a critical role. In the case of direction specificity, L-PA
could be expected to yield the opposite effect to R-PA,
namely, to increase activation in the right IPL in response
to ipsilateral, right targets. If present, the effect of L-PA
may offer a highly interesting therapeutic option for the
treatment of attentional disorders, which can occur in left
hemispheric stroke (Murakami et al., 2014). To test the
two hypotheses, we compared the effects of L-PA and
R-PA on visual representation. The current study involved
three groups of normal subjects who underwent func-
tional MRI during a simple visual detection task before
and after a brief adaptation session wearing leftward- or
rightward-deviating prisms or plain glasses (L-PA, R-PA,
neutral groups).

Materials and Methods

Participants

Forty-two participants were included in this study, with
14 participants (seven men, mean age = 24.1, SD = 3.0
years) undergoing L-PA, 14 participants (seven men,
mean age = 26.0 years, SD = 5.0 years) undergoing
R-PA, and 14 participants (seven men, mean age = 25.8
years, SD = 5.1 years) in the control group (neutral). A
one-way ANOVA comparing the mean age between the
three groups did not show a significant difference be-
tween the groups (F(» 35y = 0.85, p = 0.44). All participants
were right handed (Oldfield, 1971) and had a normal or
corrected-to-normal vision. None of the subjects had a
neurological or psychiatric illnesses. All participants gave
written informed consent according to procedures ap-
proved by the Ethics Committee of the Faculty of Biology
and Medicine, University of Lausanne.

Experimental design

The same procedure was used for the L-PA, R-PA, and
neutral groups, comprising two MRI blocks that were
separated by an intervention using visuomotor adapta-
tion. MRI blocks consisted of anatomical sequences (only
before the adaptation) and event-related fMRI acquisi-
tions (before and after the adaptation). The R-PA and
neutral groups did two other tasks that were analyzed
elsewhere (Crottaz-Herbette et al., 2014). The delay be-
tween the adaptation and the detection task was the
same for the three groups.

Visual detection task

During the fMRI acquisitions, all participants had to
press the response button when they detected a large
white star on black background. These visual stimuli were
presented for 500 ms in three different locations: in the
midsagittal plane, at 20° to the right or 20° to the left. The
locations were pseudorandomized and each location was
presented 20 times. The interevent intervals were jittered,
between 1 and 20 s with steps of 1 s. During this task,
participants were asked to fixate on a central fixation
point. Participants responded by pressing a button with
their right hand as soon as they detected the visual stim-
ulus. The tasks were programmed using the software
E-Prime (Psychology Software Tools). The duration of the
task was 6 min 44 s.

eNeuro.org


mailto:sonia.crottaz-herbette@chuv.ch.
mailto:sonia.crottaz-herbette@chuv.ch.
http://dx.doi.org/10.1523/ENEURO.0310-17.2017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

eMeuro

Visuomotor adaptation

The visuomotor adaptation was performed outside the
scanner and consisted of pointing with the one index finger
to visual targets presented 14° to the left or to the right of the
midsagittal plane. The prisms (www.optiquepeter.com) de-
viated the visual field 10° to the left for the L-PA group and
to the right for the R-PA group (Rossetti et al., 1998; Redding
et al., 2005; Rode et al., 2006); goggles without deviation
were used for the neutral group. During the pointing move-
ments, participants in the R-PA and neutral groups used
their right index finger whereas participants in the L-PA
group used their left index finger. With the exception of the
hand used during the adaptation, the procedure for PA,
including the positioning of the participants, was similar
across our three groups.

The choice of the left hand for pointing in the L-PA
group was motivated by putative clinical implications. If
L-PA enhances right hemispheric dominance within the
ventral attentional system, as postulated in our hypothe-
sis, it may offer an interesting therapeutic approach for
attentional disorders in left hemispheric stroke (which is
often associated with motor deficits of the right upper
limb). Each participant’s head was immobilized in a head
rest and the first two thirds of the pointing trajectories
were hidden from his/her view. The visuomotor adapta-
tion involved 3 min of pointing movements. The pointing
was paced by the experimenter, who indicated verbally
which of the two points should be targeted next. To avoid
automatic pointing, the intertrial interval varied (1.0-1.5 s)
and the order of targets was pseudorandomized. The total
number of pointing movements was on average 150
(range = 145-155). The time for pointing was kept con-
stant across subjects, as was the time between the two
fMRI sessions.

During the first trials, participants showed initial errors
in the direction of the prisms’ deviation, and then they all
pointed correctly to the targets. Immediately after the
goggles were removed, the aftereffect was assessed by
asking the participants to look at one of the visual targets
and then to close their eyes and to reach for the target
with the index finger used during the adaptation. A similar
procedure was used twice for the left target and twice for
the right target in a pseudorandom order; the number of
measures was limited in order to minimize de-adaptation
before the second fMRI session. For each participant and
each target position, we put a mark on the table where the
participant pointed, and we measured, in mm, the devia-
tion between the pointing and the actual target, with
positive values representing a deviation to the right of the
targets and negative values representing a deviation to
the left of the targets. We averaged the two pointings for
each target location. A mixed design ANOVA with group
(R-PA, L-PA, neutral) as a between-subjects factor and
side of target (left, right) as a within-subjects factor was
conducted on these data.

Data acquisition

Imaging acquisitions, structural MRI and event-related
fMRI were conducted at the Lemanic Biomedical Imaging
Center (Centre d’'Imagerie Biomédicale) in the Centre Hos-
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pitalier Universitaire Vaudois, Lausanne on a 3T Siemens
Magnetom Trio scanner with a 32-channel head-coil. A
single-shot echo planar imaging gradient echo sequence
(repetition time = 2 s; flip angle = 90°; echo time = 30 ms;
number of slices = 32; voxel size = 3 X 3 X 3 mm; 10%
gap) was used for fMRI acquisitions. A total of 32 slices were
acquired in the AC-PC plane in a sequential ascending order
and covered the whole head volume. For each participant, a
high-resolution T1-weighted 3D gradient-echo sequence
was acquired (160 slices, voxel size = 1 X 1 X 1 mm). We
put padding around each participant’s head to prevent head
movements in the coil.

Data analysis

Behavioral performances (reaction time and number of
correct responses) recorded during the task were ana-
lyzed with a mixed design ANOVA with group (R-PA,
L-PA, neutral) as the between-subjects factor and session
(1, 2) as the within-subjects factor. The software Statisti-
cal Parametric Mapping (SPM8, Wellcome Department of
Cognitive Neurology, London, United Kingdom) was used
to process imaging data. For the functional acquisition,
a motion correction was performed by applying a
6-parameter rigid-body transformation minimizing the dif-
ference between each image and the first scan. These
realigned images were co-registered with the partici-
pants’ anatomic images and then normalized to the Mon-
treal Neurological Institute (MNI) template using a twelve
parameters affine transformation. Finally, these images
were resliced to obtain a 2 X 2 X 2 mm voxel size and
spatially smoothed using an isotropic Gaussian kernel of
6-mm FWHM to increase signal-to-noise ratio.

For each participant, the general linear model, as im-
plemented in SPM8 software (http://www.fil.ion.ucl.ac.uk/
spm/software/spm8/), was used for the first level
statistics. The parameters of the realignment were in-
cluded in the model as regressors. For all participants,
contrasts of interests were specified for both sessions.
The maps generated from these contrasts were used as
the second-level (group-level) statistics based on the ran-
dom field theory. All group analyses were restricted to
voxels with the probability of belonging to gray matter
greater than 50%, as defined in the a priori template
available in SPM.

Statistical analyses on the activation maps were con-
ducted on a general mixed design ANOVA that included
the factors group (R-PA, L-PA, neutral) as the between-
subjects factor and session (1, 2) and stimulus position
(left, center, right) as the within-subjects factors. From this
general ANOVA, the first analysis was on the interaction
between the three factors (group X stimulus position X
session) to determine the effects of our factors globally.
Then, the interaction between the factors group and session
was analyzed to determine the relationship between these
two factors independent of the stimulus positions. The gen-
erated statistical maps of activation for these interactions
were set at a threshold of p < 0.05 and a cluster extent of
k > 100 (above the expected number of voxels per cluster as
automatically calculated by SPM). The effects of each inter-
vention were further investigated by directly comparing ses-
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Table 1. Average accuracy (mean + SEM; top) and average reaction times (bottom) for the visual detection task for the L-PA,
R-PA, and neutral groups for both sessions (1 and 2) and for all stimulus positions (left, central, and right targets)

Left targets

Central targets

Right targets

Session 1 2 1 2 1 2
Accuracy (%)

L-PA 99.64 + 0.36 98.93 = 1.07 98.93 + 0.57 99.29 + 0.49 99.64 = 0.36 100.00 = 0.00

R-PA 98.21 = 1.00 99.29 = 0.49 100.00 = 0.00 99.29 = 0.71 96.79 = 1.62 99.64 * 0.36

Neutral 100.00 * 0.00 98.21 = 1.79 99.64 = 0.36 99.29 + 0.49 99.64 + 0.36 98.57 = 1.10

Reaction time (ms)

L-PA 388 = 24 399 + 17 383 = 24 385 = 17 379 = 23 403 = 19

R-PA 408 + 15 416 = 19 397 + 15 403 = 15 401 = 13 414 + 15

Neutral 375 =+ 10 404 = 14 360 = 10 383 + 14 365 + 9 396 + 10

sion 1 to session 2 (post hoc t tests) for each stimulus
position and each group separately. The generated statisti-
cal maps of activation for these t tests were set at a thresh-
old of p < 0.05 and a cluster extent of kK > 150 (above the
expected number of voxels per cluster as automatically
calculated by SPM).

Results

Aftereffects of the visuomotor adaptation

The aftereffects of PA occurring after the removal of the
prismatic goggles were assessed as pointing errors to the
right or left of the actual target (expressed in positive and
negative values, respectively). For the L-PA group, the point-
ing errors were always to the right of the left and right
targets; the means of the pointing errors were +5.1 = 2.4
cm for the left target and +5.9 = 2.4 mm for the right target.
For the R-PA group, the pointing errors were always to the
left of the left and right targets. For this group, the means of
the pointing errors were —66 = 16 mm (mean = SD) for the
left target and —5.6 = 1.9 mm for the right target. For the
neutral group, pointing errors were to the right or to the left
of the targets; mean pointing errors were +7.0 = 1.1 cm for
the left target and +6 = 8 mm for the right target. A two-way
mixed design ANOVA with group (L-PA, R-PA, neutral) as
the between-subjects factor and side of target (left, right) as
the within-subjects factor revealed a significant main effect
of group (F(o,39) = 314.9; p < 0.001) but no significant effect
for the side of the target or interaction. The aftereffects were
globally larger for the L-PA and R-PA than for the neutral
group, with the R-PA group showing errors to the left of the
targets and the L-PA group showing errors to the right of the
targets.

Behavioral results of the visual detection task

For accuracy (Table 1), an ANOVA including the factors
groups (L-PA, R-PA, neutral), sessions (1, 2) and stimulus
positions (left, center, right) did not show a significant
effect. For the reaction times (Table 1), the ANOVA includ-
ing the factors group (L-PA, R-PA, neutral), session (1, 2),
and stimulus position (left, center, right) showed only one
significant main effect for the factor stimulus position
(Fio,38) = 14.73, p < 0.01), with the subjects being globally
faster for the central position.

Modulation of activation patterns by interventions
The overall modulations were analyzed with a mixed de-
sign ANOVA with group (L-PA, R-PA, neutral) as the
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between-subjects factor and session (1, 2) and stimulus
position (left, center, right) as the within-subjects factors.
The triple interaction between the factors group, session,
and stimulus position yielded a significant effect in the right
angular gyrus, the left anterior superior and the middle tem-
poral gyri and bilaterally in the superior (medial) parietal
regions, the precuneus, medial and middle frontal gyri, SMA
and the middle cingulate areas (Fig. 1A). The interaction
between the factors group and session yielded a significant
effect on the left hemisphere in the angular gyrus, the middle
temporal gyrus and the middle occipital gyrus, on the right
hemisphere in the supramarginal gyrus, and bilaterally in the
superior temporal gyrus and the orbito-frontal cortex (Fig.
1B). These results indicate that the direction of prismatic
deviation impacts the PA-induced modulation of activity
within the left and the right IPL.

To gain insight into the direction-specific changes of
the PA intervention, the effects were analyzed separately
for each of the three intervention groups and stimulus
position with paired t tests comparing activation pre- and
postintervention. L-PA enhanced the response to right
visual targets within the ipsilateral, right angular gyrus
(Fig. 1C). R-PA enhanced the response to right, central,
and left targets within the left IPL as described previously
(Crottaz-Herbette et al., 2014), as well as in parts of the
prefrontal and temporal cortexes for the central and right
targets (Fig. 1D). Exposure to plain goggles increased the
response to right targets bilaterally in the superior tempo-
ral gyrus and to left targets within the right supramarginal
gyrus and bilaterally within the occipital cortex (Fig. 1E).
Thus, there is a striking but opposing effect of PA depend-
ing on the direction of prismatic deviation. L-PA enhanced
right hemispheric dominance within the ventral attentional
system by increasing the representation of the right visual
field within the ipsilateral, right IPL. R-PA shifted this
hemispheric dominance from the right to the left IPL by
increasing the representation of right, central, and left
visual field within the left IPL (see also Crottaz-Herbette
et al., 2014; Clarke and Crottaz-Herbette, 2016).

Direction-specific effects of PA on hemispheric
dominance within the ventral attentional system

IPL is classically subdivided into angular and supramar-
ginal gyri, each of which comprises several subdivisions
defined by cytoarchitectonic and connectivity criteria
(Caspers et al., 2008; Mars et al., 2011). The effects which
we report here involved mostly the angular and less so the
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General ANOVA

A Interaction Groups (R-AP, L-AP, Neutral) x Sessions (Pre-, Post-intervention) x

Stimulus positions (Left, Center, Right)

F values
4 6

o
N
(o)

T test (paired) Post > Pre intervention

Right
targets

Central
targets

Left
targets

E Neutral

T values

0

3 5

Figure 1. Surface renderings of the brain activation showing significant activation in the general mixed design ANOVA for the
interaction between all three factors, group as the between-subjects factor and session and stimulus position as the within-subjects
factors (A); and for the interaction between the factors group and session (B). C-E, Surface renderings of post hoc paired t tests
(post > pre-intervention) for the L-PA (C), R-PA (D), and neutral groups (E) for each stimulus position separately. All maps are set at
a threshold of p < 0.05 and k > 100 for the interactions and k > 150 for the t tests.

supramarginal gyrus. The right angular gyrus showed a
significant interaction between the factors group X ses-
sion X stimulus position, which was driven by a strong
increase in activation by right targets following L-PA (Fig.
1A,C). The left angular gyrus showed a significant inter-
action between the factors group X session, which was
driven by a strong increase in activation by left, central,
and right targets following R-PA (Fig. 1B,D; Crottaz-
Herbette et al., 2014). In both hemispheres these clusters
were within the cytoarchitectonic areas PGa and PGp of
the angular gyrus (Caspers et al., 2008), known for their
role in redirecting of visuospatial attention (Mort et al,,

September/October 2017, 4(5) e0310-17.2017

2003; Thiel et al., 2004). The supramarginal gyrus was
highlighted on the right side by a significant interaction
between the factors group X session, which appeared to
be driven by an increase in activation in the control con-
dition (Fig. 1B,E). This part of the supramarginal gyrus
corresponds to the cytoarchitectonic areas PF and PFt
(Caspers et al., 2008), which plays a role in visuomotor
coordination (Binkofski et al., 1999; Frey et al., 2005; Grol
et al., 2007). In summary, PA appears to affect the atten-
tional module within the angular gyrus: L-PA increases the
representation of right targets on the right side, whereas
R-PA increases the representation of left, central, and right
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Figure 2. Schematic representation of the dorsal and ventral attentional systems (DAS, VAS, outlined in blue and orange,
respectively), the visual areas, and their interactions (based on Koch et al., 2008; Corbetta and Shulman, 2011). Situations without PA
(A) as well as after L-PA (B) and R-PA (C) are represented. L-PA-induced changes are highlighted in yellow: enhancement of right
visual field representation in the right VAS (as reported in our current findings) and the increased inhibition from left to right DAS
(resulting from change in respective excitability as in Schintu et al., 2016). R-PA-induced changes (C) are highlighted in gray (based
on Crottaz-Herbette et al., 2014 and discussed in Clarke and Crottaz-Herbette, 2016).

targets on the left side. The effect in right supramarginal
gyrus appears to be driven by the control condition and may
represent a modulation of visuomotor coordination.

As reported in a previous study, a brief exposure to
R-PA increased the representation of the left, central, and
right visual fields in the left IPL and shifted the hemi-
spheric dominance within the ventral attentional system
from the right to the left hemisphere (Crottaz-Herbette
et al., 2014). This shift in hemispheric dominance offers a
parsimonious explanation for behavioral effects of R-PA
observed both in normal subjects and neglect patients
(Clarke and Crottaz-Herbette, 2016). Our new results con-
trast with this effect as we found that a brief exposure to
L-PA increases the representation of the right visual field
in the right IPL, enhancing the right hemispheric domi-
nance within the ventral attentional system (Fig. 2). This
overemphasis of the right visual field within the (right-
dominant) ventral attentional system offers an explanation
for the behavioral effects of L-PA reported in several
previous studies, including neglect-like performance. It
also offers insight into the putative neural mechanisms
that underlie the effect of L-PA.

Discussion

Behavioral effects of leftward PA
Neglect-like performance in normal subjects

Several studies in normal subjects have shown that
L-PA induces neglect-like performance in some, but not
all visuospatial tests (Michel, 2016). L-PA yielded a right-
ward bias on the perceptual variant of the line bisection
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task (Colent et al., 2000), including striking similarities with
neglect symptoms, such as effect of line length and mod-
ulation of the rightward deviation by the position of the
lines (Michel et al., 2003). This rightward bias in percep-
tual line bisection is long-lasting yet fluctuating, suggest-
ing that the visuospatial shift needs time to build up
(Schintu et al., 2014). L-PA also induced a rightward shift
in visual midpoint judgments occurring both in peri- and
extrapersonal spaces (Berberovic and Mattingley, 2003).

In the present study L-PA did not induce a lateral bias in
the target detection task performed during the fMRI ac-
quisition. The use of more complex tasks during the fMRI
acquisition would be of interest in further studies for two
reasons. First, more difficult detection tasks would allow
us to assess a putative lateral bias in performance, pos-
sibly a neglect-like effect. It is to be noted, however, that
in several studies L-PA failed to yield behavioral effects
with the Posner paradigm (Morris et al., 2004; Bultitude
et al., 2013a).This lack of behavioral effects contrasts with
the results of event-related potentials to different compo-
nents of the endogenous variants of the Posner task,
which revealed attentional asymmetries that were remi-
niscent of neglect (Martin-Arévalo et al., 2016). With L-PA,
but not with R-PA or neutral goggles, two measures stood
out. The L-PA induced reduction of the N1 amplitude
elicited by the cue was greater for leftward than rightward
cues, suggesting an L-PA-induced asymmetry in atten-
tional orienting. The L-PA-induced reduction of the P1
amplitude was greater for the invalidly cued left than right
target, suggesting an asymmetry in attentional disen-
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gagement. Second, the use of bisection tasks, which have
been shown to be modulated by L-PA (Michel and Cruz,
2015; Striemer et al., 2016), may help to explore the effect
of L-PA beyond that on the ventral attentional system.

Our results offer a parsimonious explanation for
neglect-like performance described above.

L-PA overemphasizes the responsiveness of the right
IPL to stimuli presented within the right visual field. This
stronger representation of the right visual field within the
right-dominant ventral attentional system may facilitate
the access of right stimuli to the dorsal system and drive
the left dorsal attentional system more forcefully. An over-
active left dorsal attentional system is bound to create a
right attentional bias in behavioral tasks. In addition, it
may increase the interhemispheric inhibition of the con-
tralateral, right dorsal system and decrease its activity
(Koch et al., 2011). This interpretation is supported by a
recent study that has indeed demonstrated that L-PA
increased the excitability of the parietal circuitry in the left
and decreased it in the right hemisphere (Schintu et al.,
2016).

Modulation of global vs. local processing bias by
L-PA Tasks that implicate attention to global vs. local
features of stimuli rely on complex cortical networks (Fink
et al., 1996, 1997). Although sustained attention to either
level was shown to activate a right hemispheric temporo-
parieto-prefrontal network, directing attention to global
aspects highlighted specifically the role of the right lingual
gyrus while attending to local aspects activated the left
inferior occipital cortex. Performance in tasks such as
Navon figures, with incongruent global and local features,
are characterized in normal subjects by greater interfer-
ence from global rather than local features. L-PA was
shown to reduce the global processing bias (Bultitude and
Woods, 2010). A later study using different paradigms, the
rod-and-frame illusion and the simultaneous-tilt illusion,
demonstrated that L-PA enhanced local processing bias
(Reed and Dassonville, 2014). Thus, in normal subjects,
L-PA shifted the processing bias from global to local
features, as often found in neglect (Robertson et al., 1988;
Marshall and Halligan, 1995). Our results offer only a
partial explanation for these findings. After L-PA, the in-
creased activation to ipsilateral targets within the right
ventral attentional system (shown here) and the ensuing
enhanced activity within the left dorsal attentional system
(Schintu et al., 2016) may change the encoding within the
left early-stage visual areas, including the inferior occipital
cortex, and may thus favor the processing of local fea-
tures.

Visuospatial remapping

Spatial remapping ensures the integration of visual in-
formation as gaze moves across a scene, resulting in a
stable representation of the visual environment despite
constantly changing retinal images. It depends critically
on the right posterior parietal cortex (Heide et al., 1995;
van Koningsbruggen et al., 2010). Using the double-step
saccade paradigm, Bultitude and colleagues (Bultitude
et al.,, 2013b) have shown that L-PA impairs spatial re-
mapping in the left visual field. The authors proposed that
the temporary realignment of spatial representations with
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L-PA altered right hemispheric remapping processes. Our
results demonstrated right hemispheric remapping within
the (right) ventral attentional system, but it concerns the
right and not left visual space.

Behavioral effects of rightward PA

In normal subjects R-PA appears to yield behavioral
effects only rarely. R-PA increase the speed of reflexive
reorienting from invalid cues on the left to targets on the
right side in a subgroup of subjects, who had large cueing
effects before R-PA; no effect was reported on voluntary
reorienting (Striemer et al., 2006). Another study found right-
ward shift in visual midpoint judgment in extrapersonal, but
not in peripersonal space (Berberovic and Mattingley, 2003).
A third study investigated spatial remapping with a double-
step saccade paradigm (Bultitude et al., 2013b). R-PA af-
fected oculomotor performance, most likely by low-level
adaptation aftereffects, but did not yield any spatial remap-
ping. The explanation for these three observations in terms
of the shift of hemispheric dominance of the ventral atten-
tional system from the right to the left hemisphere, which is
induced by R-PA, were discussed in a recent review (Clarke
and Crottaz-Herbette, 2016).

Putative mechanisms of leftward PA

The effect of L-PA relies most likely on several func-
tional systems, as suggested by a series of studies. Spa-
tial realignment during the actual adaptation to prisms
was shown to involve the parieto-temporal cortex and the
cerebellum (Luauté et al., 2009; Chapman et al., 2010),
with a critical contribution of the latter (Panico et al.,
2016). At the level of the posterior parietal and primary
motor cortices L-PA was found to induce hemispheric-
specific changes in excitability: an increase in motor
evoked potentials in the left and a decrease in the right
hemisphere (Schintu et al., 2016). Here, we show that
L-PA enhances the representation of the right visual field
within the right IPL.

Taken together, the above quoted evidence suggests
neural mechanisms which may underlie the effect of L-PA,
and provides ground for new hypotheses and further
studies. While the subject is wearing leftward-deviating
prisms, targets appear to the left of their actual position. In
Figure 3, we represent a simplified situation where the
target is in the right visual field near the vertical meridian
and L-PA shifts it into the left visual field so that the target
activates the corresponding left visual field representation
within the retinotopically organized visual areas of the
right hemisphere. To point successfully towards the tar-
get, the movement has to be directed towards the actual
site within the right hemispace; attention-driven move-
ments towards the right hemispace are represented in the
left superior parietal lobule (Leonards et al., 2000; Cor-
betta et al., 2002; Silver and Kastner, 2009). Thus, suc-
cessful adaptation to leftward deviating prisms can be
expected to involve several steps, including a modulation
of salience of particular spatial representations within
each hemisphere. Learning to associate a target which
appears on the left side with a pointing movement ori-
ented towards the right space is very likely to result in the
strengthening of the link between the left visual field
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Figure 3. Schematic representation summarizing putative neural
mechanisms that underlie the effects of L-PA. Same conventions
as in Figure 2. The pink cross designates the actual position of
the target and highlights the contralateral DAS, which is involved
in pointing towards this target position. The green circle desig-
nates the position of the same target as perceived within the (left)
visual space when wearing leftward deviating prisms, its repre-
sentation in the right visual cortex and DAS. The pink circle
highlights the L-PA-enhanced representation of the (right) visual
field within the (right) DAS. Exposure to L-PA is likely to
strengthen the link between the representation of the perceived
target within the (right) visual cortex and the left DAS. The most
likely link involves heterotopic interhemispheric connections be-
tween the (right) VAS and left DAS (full gray arrow). The homo-
topic interhemispheric connections between visual areas and
those between DAS are unlikely to contribute (outlined gray
arrows).

representations in the right occipital cortex and the dorsal
attentional system in the left hemisphere. This link can be
mediated by several pathways. First, the most likely path-
way proceeds from visual areas in the right hemisphere to
the (right) ventral attentional system and then via an in-
terhemispheric connection to the left dorsal attentional
system. Such heterotopic-crossed connections can be
monosynaptic, as demonstrated histologically in the hu-
man occipito-parieto-temporal cortex (Di Virgilio and
Clarke, 1997). The key observation of our study, namely,
the reorganization within the (right) ventral attentional sys-
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tem, further supports this interpretation. Second, it is very
unlikely that a functional link between the representations
of the perceived and the actual position occur at the level
of early-stage visual areas since the interhemispheric
connections between these areas concern only a narrow
part of the cortex along the representation of the vertical
meridian (Clarke and Miklossy, 1990) and the intrahemi-
spheric connections are retinotopically organized (Clarke,
1994). Third, the link is also unlikely to be mediated by
afferents from the right to the left dorsal attentional sys-
tem. A recent study has shown that right-to-left connec-
tions are lessened following L-PA, most likely as a result
of an increase in parietal excitability in the left and a
decrease in the right hemisphere (Schintu et al., 2016).

Conclusion

L-PA increased the representation of the right visual
field within the right IPL. This enhancement of the right
hemispheric dominance within the ventral attentional sys-
tem contrasts with the dominance shift, from right to left
hemisphere, which is induced by R-PA (Crottaz-Herbette
et al., 2014). Thus, the PA-induced modulation of hemi-
spheric dominance within the ventral attentional system is
sensitive to the direction of the prismatic deviation and is
likely to depend on fine-tuning of specific visuomotor
networks.

The overemphasis of the right visual field representation
within the (right) ventral attentional system offers a parsi-
monious explanation of neglect-like effects following
L-PA. It is bound to more forcefully drive the left dorsal
attentional system, creating an attentional bias towards
the right space. The underlying neural mechanisms most
likely involve a strengthened link between the (right) ven-
tral attentional system and the left dorsal attentional sys-
tem.

The effect of L-PA, which we report in this study, is
likely to be of considerable interest for the rehabilitation of
attentional deficit in left hemispheric stroke. These deficits
are frequent and often preclude the return to work and/or
driving (Murakami et al., 2014). They may be the result of
the re-organization which takes place within the intact
hemisphere after unilateral focal lesions (Adriani et al.,
2003). We have shown here that adaptation to left-
deviating prisms by means of left-hand pointing enhances
right hemispheric dominance within the ventral attentional
system and may thus constitute a very useful therapeutic
intervention in left hemispheric stroke.
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