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Résumé 

 

 

La recherche présentée dans cette thèse étudie la représentation intermodale du 
mouvement dans hMT+/V5 et l'impact de la privation visuelle sur cette région à l'aide de 
l'imagerie par résonance magnétique fonctionnelle (IRMf). hMT+/V5 est une région de la 
voie visuelle dorsale qui est connue pour être dédiée au traitement de l’information liée au 
mouvement visuel. Pour comprendre comment hMT+/V5 représente cette information à 
travers les sens et comment cette représentation se développe en l'absence d'expérience 
visuelle, nous avons réalisé les études suivantes: 

Dans la première étude, nous avons utilisé l’IRMf pour caractériser la 
représentation des directions du mouvements visuel et auditif dans hMT+/V5, après avoir 
défini cette région fonctionnellement chez chaque participant. Nous avons montré que les 
directions des mouvements auditifs et visuels peuvent être décodées de manière fiable dans 
hMT+/V5. De plus, la direction de mouvement dans une modalité sensorielle peut être 
prédite à partir des profils d'activité induits par une autre modalité sensorielle. Malgré les 
informations partagées sur la direction du mouvement entre les modalités sensorielles, les 
stimuli visuels et auditifs ont produit des réponses opposées au niveau des voxels de 
hMT+/V5. Nos résultats ont mis en évidence une représentation complexe des informations 
de mouvement multisensorielle dans hMT+/V5. 

Dans la deuxième étude, nous avons étudié comment l'absence d'expérience 
visuelle pendant une courte et ransitoire période en début de vie façonne le développement 
du réseau de mouvement visuel à l'aide de l'IRMf. Nos résultats suggèrent qu'une période 
précoce et brève de privation visuelle conduit à un recrutement réduit des zones visuelles 
primaires (V1) lors du traitement des informations de mouvement par rapport aux 
participants contrôles appariés avec un développement visuel typique. Le recrutement 
réduit dans le cortex visuel primaire chez les patients était corrélé avec la durée de la 
privation visuelle. Les analyses univariées et multivariées n'ont montré aucune altération du 
traitement l’information du mouvement visuel dans la région hMT+/V5 chez les patients. 
Les résultats suggèrent qu'une période brève et transitoire de privation visuelle au début de 
la vie a un impact sur le réseau de traitement de l’information du mouvement qui est 
spécifique à la région :  V1 étant affecté de manière permanente tandis que hMT+/V5 
montre une certaine résilience à la privation visuelle. 

Dans la troisième étude, nous avons étudié l'architecture de la connectivité au 
repos de la région hMT+/V5 avec d'autres régions du réseau du mouvement visuel chez les 
personnes aveugles précoces (early blind - EB) et tardives (late blind - LB). Nos résultats 
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ont démontré que le profil de connectivité de hMT+/V5 avec les différentes zones du réseau 
du mouvement visuel était très similaire dans tous les groupes et ne dépendait pas de 
l'expérience visuelle. De plus, nous avons étudié le profil de connectivité de hMT+/V5 avec 
les réseaux sensoriels non visuels, et avons trouvé une connectivité réduite avec le cortex 
somatosensoriel pendant le repos chez les EB. En outre, le profil de connectivité de 
hMT+/V5 avec les différents réseaux sensoriels était différent entre les EB et les voyants. 
En revanche, il n'y avait aucune différence dans le profil de connectivité de hMT+/V5 entre 
le LB et les voyants. Ces résultats démontrent que la cécité précoce, mais pas la cécité 
acquise tardivement, a un impact sur l'architecture de la connectivité de hMT+/V5 avec des 
réseaux non visuels.  

Dans l'ensemble, nos résultats suggèrent: [1] hMT+/V5 représente les informations 
de mouvement de manière multisensorielle avec des informations partagées entre les sens. 
[2] La privation visuelle précoce et brève a un impact spécifique sur le réseau de 
mouvement, affectant principalement les zones visuelles primaires mais laissant la région 
hMT+/V5 relativement préservée. [3] L'âge d'apparition de la privation visuelle affecte le 
profil de connectivité multisensorielle de hMT+/V5. 

 

 



Abstract 

 

 

The research presented in this thesis investigates the cross-modal representation of 
motion information in hMT+/V5 and the impact of visual deprivation using functional 
magnetic resonance imaging (fMRI). hMT+/V5 is a region in the dorsal visual pathway that 
is known to be dedicated to processing visual motion. To unravel how hMT+/V5 represents 
motion information across the senses and how it develops in the absence of visual 
experience, we performed the following studies: 

In the first study, we relied on fMRI recordings to characterize the representation 
of visual and auditory motion directions in individually and functionally defined hMT+/V5. 
We showed that auditory and visual motion directions can be reliably decoded in 
hMT+/V5.  Additionally, motion directions in one modality can be predicted from the 
activity patterns elicited by the other modality. Despite shared motion-direction information 
across the senses, vision and audition produced opposite voxel-wise responses in 
hMT+/V5. Our results revealed a multi-faced representation of multisensory motion 
information in hMT+/V5. 

In the second study, we investigated how the absence of early visual experience 
in cataract-reversal patients shapes the development of the visual motion network using 
fMRI. Our results suggest that an early and brief period of visual deprivation leads to a 
reduced recruitment of the early visual areas while processing motion information when 
compared to matched controls with typical visual development. The reduced recruitment in 
the early visual cortex in cataract-reversal patients correlated with the duration of visual 
deprivation. Univariate and multivariate analyses showed no impairments in visual motion 
processing in the higher order visual motion area hMT+/V5 in the cataract-reversal 
patients. The results suggested that a brief and transient period of visual deprivation early in 
life has a region-specific impact on the visual motion network with V1 being permanently 
affected while hMT+/V5 shows some resilience to deprivation.  

In the third study, we investigated the resting-state connectivity architecture of 
hMT+/V5 with other regions within the visual motion network in early blind (EB) and late 
blind (LB) people. Our results demonstrated that the connectivity profile of hMT+/V5 with 
the different areas within the visual motion network was highly similar in all groups, and 
was not dependent on visual experience. Additionally, we investigated the connectivity 
profile of hMT+/V5 with the non-visual sensory networks, and found reduced connectivity 
with the somatosensory cortex during rest in the EB. Moreover, the connectivity profile of 
hMT+/V5 with the different sensory networks was not similar in the EB and the sighted. In 
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contrast, there was no difference in the connectivity profile of hMT+/V5 between the LB 
and the sighted. These results demonstrate that blindness onset impacts the connectivity 
architecture of hMT+/V5 with non-visual networks. While hMT+/V5 reorganizes its resting 
connectivity profile as a consequence of early visual deprivation, the hMT+/V5 
connectivity architecture was not significantly affected in the LB. 

Overall, our findings suggest: [1] hMT+/V5 represents motion information in a 
multisensory fashion with shared information between the senses. [2] Early and brief visual 
deprivation has a region-specific impact on the motion network, mostly affecting early 
visual areas but leaving hMT+/V5 somehow functionally preserved. [3] The age of onset of 
visual deprivation affects the multisensory connectivity profile of hMT+/V5. 

 

Keywords: hMT+/V5, fMRI, MVPA, visual, auditory, motion, plasticity, 
deprivation, blindness, connectivity. 
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5، 

kl لC iع كركشأ
 %$غ نوكتس اهwح ةلواحمو ،اهل ارsاش نوsأ نأ بجO 345لا ءاBشلأا نم %$ثoلا كانه .ء5

kl لC iع كل اركش .ةلداع
XN راسملا اذه عا[تلا f5اهلإ Cع كركشأ ،نتاف ،345لاخ .ء5

 نم ةرك[م ةلحرم 5
g4اBح

g4دج .فلتخم ملاع Cع 3N5يع 345حتف دقل .5
 ،مويلا هBلع انأ يذلا صخشلا نوsلأ 345ي��ت Cع كركشأ ،5

C5 XNجأ نم هتلعف ام لC iع كركشأو
g4اBح 5

g4اقBقش .5
5 f5 ركشأ ،رونيهام وiع مC مامتهاUحو م]Uعو مC 

 لا .امًئاد �5 هBبلجت يذلا بحلاو ةBباجOلإاو ةداعسلا Cع كركشأ ،ادنك ةلBمجلا 345خأ ةنبا .مئادلا م��Uق
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Motion perception is a crucial perceptual skill for the survival of living organisms. 
We rely on motion information in our daily life to perceive and to navigate our 
environment. Vision is one of the most reliable sources of information that guide our 
perception and our actions. However, our environment is multisensory in nature and is rich 
in information from different sensory modalities. Despite relying strongly on visual 
properties to process motion information, motion information can however be extracted 
from non-visual modalities as audition or touch. More importantly, integrating motion 
information from different sensory modalities allows us to have an enhanced perception of 
motion, and to interact more efficiently with our environment. Therefore, it is crucial to 
understand how our brain processes motion information, and how multisensory motion 
information are represented and integrated in the brain. 

Functional specialization in the visual cortex 

The processing of complex visual information to reach a coherent perception 
occurs in the visual system starting from the early striate visual cortex (V1) to higher-order 
visual regions. Early animal studies demonstrated that different regions along the visual 
hierarchy have specific functions of visual processing. For instance, neurons in the early 
visual cortex have a preference for stimuli in a certain orientation, and in a specific location 
in the visual field (Hubel & Wiesel, 1959, 1968). Regions in the extrastriate cortex also 
showed functional preference to specific domains. A region in the visual cortex, known as 
V4, is recruited during color processing (Baker et al., 1981; Zeki, 1973, 1978), and another 
region in the middle temporal cortex, called MT (also called V5), is recruited during motion 
processing (Dubner & Zeki, 1971; Zeki, 1974, 1978). When a chemical lesion was applied 
to MT/V5 in rhesus monkeys by ibotenic acid injection, the coherence thresholds required 
for motion direction discrimination were elevated (Newsome & Paré, 1988). This was 
selective to motion processing and did not affect contrast discrimination. These findings 
strengthened the notion of functional specialization in the visual system where different 
visual regions perform specific cognitive functions and computations. Moreover, these 
regions are connected together in a distributed hierarchical fashion, and information flows 
from low-level processing regions to higher-order functional regions   (Figure 1.1; 
Felleman & Van Essen, 1991). The two-stream hypothesis (also known as the what/where 
pathways) suggested that visual information is transmitted through two main routes that 
depends on the presented information and the performed task (Mishkin et al., 1983; 
Ungerleider & Haxby, 1994). For object recognition and perception, information flows 
from the early visual cortex to the inferior-temporal cortex (ventral stream/what pathway). 
The ventral stream also represents animacy category information ranging from inanimate 
objects to birds and mammals (Caramazza & Shelton, 1998; Connolly et al., 2012; Sha et 
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al., 2015). When performing localization tasks, motion processing, or executing visually 
guided actions, information flows from the early striate cortex to the posterior parietal 
cortex (dorsal stream/where pathway) (Goodale & Milner, 1992).   

Similarly, in humans, the visual system is functionally organized with different 
regions having a preference to perform specific perceptual/cognitive functions. The 
fusiform face area (FFA) has a preference for processing faces (Kanwisher et al., 1997; 
McCarthy et al., 1997), the extrastriate body area (EBA) has a preference for processing 
body parts (Downing et al., 2001), the parahippocampal place area (PPA) has a preference 
for processing scenes (Epstein & Kanwisher, 1998), V4 is activated during processing color 
(Bartels & Zeki, 2004; Zeki et al., 1991), and hMT/V5 (human homologue of MT/V5) is 
recruited during processing motion (Zeki et al., 1991). A disruption in any of these 
functional regions due to a cortical lesion could lead to selective deficits in processing their 
functional domains. For example, cortical lesions in the FFA can lead to deficits in face 
processing (Barton et al., 2002). Lesions in V4 can lead to deficits in seeing color 
(achromatopsia) (Damasio et al., 1980; Pearlman et al., 1979), and bilateral lesions in 
hMT/V5 lead to deficits in motion processing (Zihl et al., 1983). 

In the present thesis, we will focus on the visual motion system, and how motion 
information is represented in the brain. Moreover, we will investigate the development of 
the visual motion system, and how the presence/absence of visual input at birth can alter its 
typical development.  

Functional specialization of MT/V5 

Studies in the non-human primates demonstrated that an extrastriate region in the 
middle temporal cortex (MT) is dedicated to processing visual motion. MT/V5 is tuned to 
process motion direction information and has motion direction selective cells (Dubner & 
Zeki, 1971; Zeki, 1978). Similarly in humans, hMT/V5 is recruited during visual motion 
processing (J. D. G. Watson et al., 1993; Zeki et al., 1991) and represents visual motion 
direction information (Kamitani & Tong, 2006; Tootell, Reppas, Dale, et al., 1995). When 
this region is damaged in primates, visual motion processing is impaired (Newsome & 
Paré, 1988). Similarly in humans, when applying Transcranial Magnetic Stimulation (TMS) 
to hMT/V5 leading to a temporary disruption, or when a lesion is present in hMT/V5, 
motion perception in the visual modality is highly impaired (Beckers & Zeki, 1995; Zihl et 
al., 1983). These findings indicated that MT/V5 (or hMT/V5 in humans) is a cornerstone 
region for processing visual motion information. 
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Cortical route for visual motion processing 

How does visual information reach MT/V5?  

When light hits the retina, visual information is transferred from the ganglion cells 
to the brain through the optic nerve. Around 10% of the optic tract fibers convey 
information through the tectopulvinar pathway which projects to the superior colliculus and 
then to the posterior pulvinar in the thalamus. The majority of the optic tract fibers follow 
the geniculostriate pathway which projects to the lateral geniculate nucleus (LGN) in the 
thalamus and then to the striate early visual cortex (Figure 1.1). The LGN is organized in a 
multi-layer fashion comprising the magnocellular, the parvocellular, and the koniocellular 
layers. The output from these layers is mediated to the early visual cortex through the 
magnocellular and the parvocellular pathways. While the parvocellular pathway is involved 
in processing high spatial information, shape, size, and color, the magnocellular pathway is 
crucial for tasks involving high temporal resolution, spatial processing, location, speed, and 
motion direction processing (Schiller et al., 1990). It is suggested that most of the input 
arriving to the extrastriate regions in the dorsal visual stream is coming from the 
magnocellular pathway through V1 (Born & Bradley, 2005; Shipp & Zeki, 1989; Yabuta et 
al., 2001). There is also a small proportion of connections that project directly from the 
LGN to MT through the koniocellular pathway (Sincich et al., 2004; but see below the 
section discussing subcortical routes for visual motion processing). 

Primate studies demonstrated that cortical feedforward connections to MT/V5 
arrive from earlier visual regions as (but not limited to) V1, V2, V3, and V3A (Felleman & 
Van Essen, 1991; Maunsell & van Essen, 1983). Interestingly, most of the input is coming 
from V1 through direct highly myelinated cortico-cortical axons ensuring rapid synaptic 
transmission (Rockland, 1989, 1995). Responses in MT/V5 could be observed after only 2 
ms following the elicited response in V1 advocating for the direct monosynaptic 
communication between the two regions (Movshon & Newsome, 1996). Information is 
then transmitted from MT to  a specialized region in the medial superior temporal cortex 
(MST) which performs additional specialized motion computations as optic flow motion 
processing (Duffy & Wurtz, 1991; Komatsu & Wurtz, 1988). It is important to note that 
when talking about MT and MST and other motion selective regions in the vicinity of MT 
combined, the extended region is referred to as hMT+/V5 (human MT complex). 
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Figure 1.1 Visual pathways to MT/V5 according to Felleman & Van Essen (1991). 
The line thickness indicates the magnitude of the connections between two different regions. The 
strongest connections are direct feedforward connections between V1 and MT/V5. In addition to the 
feedforward cortical connections, there are connections of lower magnitude arriving from subcortical 
structures as the Lateral Geniculate Nucleus (LGN), and the superior colliculus (SC) through the 
inferior pulvinar (PI). The arrow thickness represents the strength of the connections. The thickest 
lines represent direct cortical connections between brain regions.  M: magnocellular pathway; P: 
parvocellular pathway; K: koniocellular pathway; RGC: retinal ganglion cells. Figure adapted from 
(Born & Bradley, 2005). 

Is V1 necessary for visual motion information to reach 
MT/V5? 

Since most of the input arriving to MT/V5 is originating from V1 through cortico-
cortical connections, it is plausible that the disruption of V1 could prevent the delivery of 
motion information to MT/V5. However, disrupting the early visual cortex or its removal in 
non-human primates did not completely abolish the responsiveness of MT/V5 to visual 
motion. Despite having weaker responses after the removal of the striate cortex, MT/V5 
was still responsive to visual motion and showed motion direction selectivity (Rodman et 
al., 1989). Moreover, neuropsychological studies in humans demonstrated that V1 is not the 
only route for motion information to reach MT/V5. This was initially inspired by two 
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neuropsychological cases known as blindsight (Weiskrantz et al., 1974) and Riddoch 
syndrome (Riddoch, 1917; Zeki & Ffytche, 1998). 

Blindsight 

Blindsight is a case where individuals who have lesions in (part of) the early visual 
cortex are rendered blind in a part of their visual field. Blindsight is the ability of the 
individual to perform a visual task above chance-level even though they are not consciously 
aware of perceiving the visual stimulus (Weiskrantz et al., 1974).  For instance, blindsight 
individuals who have a lesion in the ventral right V1 will have a blind spot in the upper-left 
visual field, and will not consciously perceive visual stimuli in their blind spot. However, 
when performing a visual motion detection task in their blind spot location, they perform 
above chance without being aware of the visual stimuli (Stoerig & Cowey, 1997; 
Weiskrantz et al., 1974). This suggests that motion information is being processed despite 
the damaged V1, and despite the absence of conscious awareness. These findings were 
supported by neuroimaging studies demonstrating that patients with blindsight have an 
intact connection between the LGN and hMT/V5 which is the most likely route for motion 
information to reach hMT/V5 (Ajina, Pestilli, et al., 2015; Ajina & Bridge, 2018, 2019). 

Riddoch Syndrome 

Patients with Riddoch syndrome suffer from a lesion in the early visual cortex, 
however they can perform certain visual tasks and respond to visual stimuli in their blind 
spot while being consciously aware of the presented moving stimuli (Arcaro et al., 2019; 
Riddoch, 1917; Zeki & Ffytche, 1998). The difference between Riddoch syndrome and 
blindsight is conscious awareness of motion. Unlike blindsight patients who are not 
consciously aware of static or moving stimuli, Riddoch syndrome patients are only 
consciously aware of moving objects or stimuli. One of the most famous cases is patient 
G.Y. who was cortically blind due to a lesion in V1, and had an intact hMT/V5. G.Y. was 
able to discriminate motion, but not brightness (Morland et al., 1999). Furthermore, G.Y. 
was consciously aware of the nature and the direction of the visual stimuli. Neuroimaging 
revealed that hMT/V5 was activated during visual motion processing. This suggested that 
visual input can reach hMT/V5 through parallel subcortical pathway that bypasses V1, and 
that it is sufficient for conscious awareness and successful motion direction discrimination 
(Barbur et al., 1993). It was later suggested that mainly fast motion information is 
processed through subcortical pathways bypassing V1, while slow motion information 
would be processed through the cortical V1 pathway. This hypothesis was suggested as in 
patient G.Y., the responses to fast motion were preserved and were similar to the elicited 
activity in the control subjects in hMT/V5. In contrast, slow motion, pattern offset, and 
pattern reversal stimuli failed to elicit responses in hMT/V5 in G.Y. (Ffytche et al., 1996). 
These findings were later confirmed with other patients with Riddoch Syndrome where the 
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patients reported visual awareness in their blind visual fields and were able to discriminate 
visual motion directions. Therefore, the primary visual cortex or back-projections to it are 
not necessary for visual awareness and are not the only route for delivering motion 
information to hMT/V5 (Arcaro et al., 2019; Ffytche & Zeki, 2011). 

In another case study with a patient with Riddoch syndrome, the patient showed 
activation in several extrastriate areas of the lesioned hemisphere. 
Magnetoencephalographic recordings indicated that evoked activity occurred earlier in the 
higher-order visual areas (V4 and V5) than in the early visual areas (V2/V3) adjacent to the 
lesion. fMRI analysis showed an increased functional connectivity between areas V4 and 
V5 of the lesioned hemisphere in comparison with the same areas in the intact hemisphere 
during the presentation of color changes. This added more evidence that visual perception 
after the V1 lesion in Riddoch syndrome is mediated by subcortical pathways that bypass 
V1 and project first to higher-order visual areas (as V4 and hMT/V5) and subsequently to 
lower-order visual areas as V2/V3 (Schoenfeld et al., 2002). 

Subcortical routes for visual motion processing 

In the previous section, the neuropsychological studies demonstrated that motion 
information can be delivered to MT/V5 through subcortical pathways. However, the 
subcortical route was not only present in the case of lesions in the early visual cortex, but 
also in healthy individuals with typical visual development. Electroencephalography (EEG) 
studies in humans showed that using alternating visual checkerboard stimuli, a visual 
evoked potential (VEP) component, with an onset of 30-45 ms, was located in the vicinity 
of hMT/V5 (Buchner et al., 1997). This early component was independent of a second 
activity, which started around 50-70 ms, and was located within the early visual cortex 
(V1). These results provide further evidence for a very fast input to V5 even before the 
activation of V1 in healthy individuals. In another study, TMS was applied to either 
hMT/V5 or V1 for a period of 100 ms after visual stimulus onset. Applying TMS on 
hMT/V5 led to a massive decrease in performance of visual motion discrimination after 
around 30-40 ms from the stimulus onset. When TMS was applied to V1, disruption of 
visual motion discrimination was observed after 60-70 ms of the stimulus onset. These 
results suggested that multiple pathways exist between the retina and hMT/V5. One slower 
pathway that passes through V1, and another fast subcortical pathway that bypasses V1 and 
delivers visual information to V5 even before V1 (Beckers & Zeki, 1995). 

Supporting evidence for the subcortical connections to MT/V5 comes from tracer 
studies in non-human primates demonstrating the existence of direct connections between 
subcortical structures [as the pulvinar and the LGN] and MT/V5 (Maunsell & van Essen, 
1983; Mundinano et al., 2019; Sincich et al., 2004; Ungerleider et al., 1984). Similarly in 
humans, diffusion weighted imaging studies  demonstrated the presence of direct 
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subcortical connections between the LGN in the thalamus and hMT/V5 bypassing V1 
(Bridge et al., 2008). This can allow visual information to reach hMT/V5 earlier than it 
reaches V1 (Buchner et al., 1997; Gaglianese et al., 2012).  

In summary, this section discussed the possible routes for visual information to 
reach MT/V5 through direct cortico-cortical connections from the early visual cortex 
(Rockland, 1989, 1995), or though subcortical-cortical connections between the [LGN and 
the pulvinar] and MT/V5 (Sincich et al., 2004; Ungerleider et al., 1984). In the following 
section, we discuss how MT/V5 is organized and how it represents visual motion 
information. 

Organization of MT/V5 

Seminal non-human primate studies demonstrated that MT/V5 neurons show 
selectivity for motion speed (Rodman & Albright, 1987) and direction (Albright, 1984; 
Albright et al., 1984b; Baker et al., 1981; Dubner & Zeki, 1971; Zeki, 1974, 1980). MT/V5 
is a unique structure as it was the first extrastriate structure to be found highly myelinated 
after birth (Flechsig, 1901). It was even suggested to be considered a primary sensory area 
due to its high myelination and its strong connectivity to the primary visual cortex. This 
similarity with the early visual cortex is not limited to the degree of myelination but also 
with the way it is organized. Interestingly, MT/V5 has a columnar organization (Albright et 
al., 1984b; Dubner & Zeki, 1971; Malonek et al., 1994) similar to that in the early striate 
cortex (Hubel et al., 1977; Mountcastle, 1997). The columnar organization of MT/V5 is 
expressed in the presence of cortical columns having neurons that show a preferential 
activity for a specific motion direction. Moreover, there is an axis-of-motion columnar 
organization where neighboring cortical columns show a gradual and smooth change in the 
preferred motion direction, with these columns located side by side with another set of 
columns preferring the opposite direction (Figure 1.2 and 1.3) 
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Figure 1.2 Optical imaging of area MT/V5 in owl monkey. 
[a] Optical maps in MT/V5 when processing moving grating information in eight different directions. 
The optical maps of each motion direction showed high similarity with the maps from the opposite 
motion direction in the same plane. [b] The correlation analysis between the different maps from the 
different motion directions demonstrated that there was a very high correlation with the maps from 
the opposite direction. This correlation gradually decreased as the motion direction moved away 
from the preferred direction reaching lowest correlation at orthogonal directions. These results 
suggest an axis-of-motion organization in MT/V5. Figure adapted from (Malonek et al., 1994). 

It is important to note that this model does not suggest that MT/V5 cells are only 
selective to one direction. The responsiveness of MT/V5 cells to different motion directions 
is somehow more complex. About 60% of MT/V5 cells responded only to one specific 
motion direction, while around 24% responded strongly to one direction and to a lesser 
extent the opposite direction. A smaller proportion of neurons responded equally to 
opposite directions (8%), or to motion (8%) regardless of the direction (Albright et al., 
1984b). 

 

Figure 1.3 A 3D representation of the columnar organization of MT/V5 in the macaque. 
Columns show a gradual and systemic transition in the preferred motion direction, with frequent 180° 
reversals. This leads to an axis-of-motion columnar organization in MT/V5. Figure adapted from 
(Albright et al., 1984b). 
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The representation of visual motion directions in humans was probed using 
machine learning and pattern classification techniques where the perceived visual motion 
directions were predicted from the elicited activity patterns in hMT/V5 (Kamitani & Tong, 
2006). Moreover, ultra-high field (7T) fMRI studies also revealed an axis-of-motion 
columnar organization in hMT/V5 (Figure 1.4; Zimmermann et al., 2011) similar to that 
present in non-human primates (Albright et al., 1984b). 

 

Figure 1.4 Columnar organization of MT/V5 in humans using high-field MRI. 
MT/V5 voxels show a preference for different axes of motion. The high-field MRI results demonstrate 
an axis-of-motion columnar organization in humans similar to that organization demonstrated in the 
macaque (Albright et al., 1984b). Figure is adapted from (Zimmermann et al., 2011). 

The distinction between MT and MST 

MST is another cortical region that is selective to motion and is anatomically close 
to MT, and receives feedforward input from MT (Maunsell & van Essen, 1983; Ungerleider 
& Desimone, 1986). However, there are different properties for MT and MST. MST has 
larger receptive fields than MT in primates (Desimone & Ungerleider, 1986; Van Essen et 
al., 1981) and humans (Amano et al., 2009). MST is involved in processing optic flow 
motion or similar kinds of motion in primates (Duffy & Wurtz, 1991, 1997) and humans 
(A. T. Smith et al., 2006), which is not the case for MT (Lagae et al., 1994). It has been 
suggested that MT and MST can be defined separately in humans based on retinotopic 
properties and the recruitment during ipsi-lateral motion stimulation. MT is retinotopically 
organized, and does not respond to peripheral ipsi-lateral stimulation due to its small 
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receptive field size. Oppositely, MST is not retinotopically organized, and responds to 
peripheral stimulation in both ipsi- and contra-lateral hemifields due to its larger receptive 
field (Huk et al., 2002). Depending on the presented stimuli, and the way of how and where 
it is presented, MT and MST can be defined separately or together in humans. But as 
discussed earlier, when MT and MST are defined together without distinction, it is referred 
to as the human MT complex (hMT+/V5). 

The origin of functional specialization in the visual cortex 

Where does the functional organization emerge from? What drives a certain region 
as hMT+/V5 to perform a specific function as motion processing in a respective anatomical 
location? While these questions don’t have a definitive answer yet, there are different 
hypotheses explaining the origin of the functional organization of the visual cortex (Op de 
Beeck et al., 2019). Three main hypotheses have been proposed: [i] Visual features 
selectivity; [ii] hierarchy of information processing; [iii] Biased connectivity hypothesis. 

[i] Visual features selectivity 

Within the ventral stream, responses to faces or words seem to be located in 
regions preferring foveal information, while responses to scenes are in regions preferring 
peripheral stimuli (Hasson et al., 2002; Larsson & Heeger, 2006; Levy et al., 2001; 
Schwarzlose et al., 2008). Moreover, regions processing faces seem to prefer round shapes 
while regions processing places prefer lines (Bracci & Op de Beeck, 2016; Hong et al., 
2016; Op De Beeck et al., 2006; Rajimehr et al., 2011). The preference of these regions for 
specific retinotopic locations, shapes, or spatial frequencies might drive the emergence of 
the category selectivity and the functional organization of the visual system.  

In the dorsal stream, MT neurons have a preference for foveal stimuli (Van Essen 
et al., 1981). Additionally, they are tuned for different visual properties as motion direction 
(Albright et al., 1984b), speed (Maunsell & Van Essen, 1983), contrast (Pack et al., 2005), 
and stimulus size (Allman et al., 1985; Felleman & Kaas, 1984). The tuning of MT neurons 
to these visual properties altogether could potentially drive MT to process translational 
visual motion information. Compared with MT, MST has a larger receptive field size  
(Desimone & Ungerleider, 1986; Van Essen et al., 1981). Additionally it is sensitive to 
large-field stimuli, and responds to circular and expanding/contracting patterns of motion 
(Duffy & Wurtz, 1991, 1997; Smith et al., 2006). The sensitivity of MST to these properties 
could drive its function to process optic flow information (Duffy & Wurtz, 1991, 1997). 
The differences in the retinotopic properties and the receptive field sizes between MT and 
MST (Amano et al., 2009; Desimone & Ungerleider, 1986; Van Essen et al., 1981) could 
allow them to process different kinds of motion information. 
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[ii] hierarchy of information processing 

The visual system is arranged in a hierarchical fashion where information is 
transferred from lower-level processing areas to higher-level regions. Even functional-
specific regions as the FFA that is known for processing faces can be divided to 
submodules performing different levels of computational complexity (Weiner et al., 2010; 
Weiner & Grill-Spector, 2012). When looking at the visual motion system, we see different 
levels of computations starting from local motion processing in the early visual cortex 
(Hubel & Wiesel, 1962, 1968) to global motion processing in higher-order visual motion 
areas (Braddick et al., 2001; Britten et al., 1993; Newsome & Paré, 1988; Rees et al., 2000). 
Even within the higher-order visual motion areas, we see a distinction between MT and 
MST which process motion information at different levels of complexity, with MT 
processing translational motion and MST processing optic flow motion (Duffy & Wurtz, 
1991; Lagae et al., 1994; A. T. Smith et al., 2006). This hypothesis suggests that the 
development of a functionally specialized region depends on the input it receives from the 
previous region in the visual information processing hierarchy, which will allow it to 
perform more complex computations. 

[iii] Biased connectivity hypothesis 

Another hypothesis suggests that the functional organization of the visual system 
is driven by the connectivity architecture of the visual system (Hannagan et al., 2015). For 
instance, the regions processing faces (as the occipital face area (OFA) and the fusiform 
face area (FFA)) are more connected to each other than with other regions (as the STS) 
(Davies-Thompson & Andrews, 2012; Gschwind et al., 2012), while the region processing 
visual words (VWFA) is connected to the language network in the left hemisphere (Bouhali 
et al., 2014; Stevens et al., 2017). Such connectivity architecture could drive the 
development of these functionally specialized regions in the visual cortex. hMT+/V5 is 
strongly connected to the early visual cortex. Most of the feedforward input arriving to 
hMT+/V5 is coming directly from V1 through highly myelinated cortico-cortical 
connections (Rockland, 1989, 1995). The processing of local motion information in V1 
(Hubel & Wiesel, 1962, 1968) could drive hMT+/V5 to perform the same function (motion 
processing) on a more global scale due to its larger receptive field size (Felleman & Kaas, 
1984). Additionally, the axis-of-motion organization in hMT+/V5 (Albright et al., 1984b; 
Dubner & Zeki, 1971; Malonek et al., 1994) is similar to the columnar organization of the 
early visual cortex (Hubel et al., 1977; Mountcastle, 1997). It is highly plausible that the 
early-established and strong connectivity between V1 and hMT+/V5 impacts the function 
and the organization of hMT+/V5. This notion is supported by studies suggesting that the 
structural connectivity could be used as a predictor of the functional role of different visual 
regions (Osher et al., 2016; Saygin et al., 2012). 
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It is important to emphasize that it is highly unlikely that these different 
hypotheses are mutually exclusive, or that only one of them can fully explain the 
organization of the visual system. For example, while the FFA seems to prefer more foveal 
stimuli (Larsson & Heeger, 2006; Levy et al., 2001) as supported by the visual selectivity 
features hypothesis, it is also connected to other regions processing faces (Davies-
Thompson & Andrews, 2012; Gschwind et al., 2012) as supported by the biased 
connectivity hypothesis. Similar patterns of results can also be seen in the visual motion 
network. hMT+/V5 processes global motion information (Braddick et al., 2001; Newsome 
& Paré, 1988) compared with the local motion information processing in V1 (Hubel & 
Wiesel, 1962, 1968) as supported by the hierarchy of information processing hypothesis. 
The differences between local and global motion processing could also be attributed to the 
receptive field sizes of the neurons in these areas (Duffy & Wurtz, 1991; Felleman & Kaas, 
1984) as supported by the visual features’ selectivity hypothesis. The columnar 
organization of hMT+/V5 and its function could be driven by the strong connectivity with 
the early visual cortex (Felleman & Van Essen, 1991; Maunsell & van Essen, 1983; 
Rockland, 1989, 1995) as supported by the biased connectivity hypothesis. Therefore, it is 
important to consider these different propositions and the possibility of integrating these 
findings into a common framework. 

In this section, we discussed the visual motion system, and how motion 
information arrives to hMT+/V5. Additionally, we discussed how hMT+/V5 is organized, 
and how it represents motion direction information. In the next section, we will discuss 
auditory motion processing and the debates regarding multisensory processing of motion 
information in hMT+/V5. 

Auditory motion processing 

Animals and humans rely on motion cues not only from the visual modality, but 
also from other non-visual modalities as the auditory and the tactile modality. Relying on 
different sensory modalities and integrating motion information from different modalities is 
beneficial for our survival, and to have a better perception of our environment (Soto-Faraco 
et al., 2002; Soto-Faraco, Kingstone, Calvert, et al., 2004). Similar to the visual motion 
network (J. D. G. Watson et al., 1993; Zeki et al., 1991), there is a dedicated network for 
processing auditory motion encompassing planum temporale, Heschl’s Gyrus and the 
superior temporal cortex (Alink et al., 2012; Baumgart et al., 1999; J. W. Lewis et al., 
2000). Auditory motion perception depends on interaural time differences, interaural level 
differences, and spectral properties of sounds (Blauert, 1997; Grothe et al., 2010; 
Middlebrooks, 2015; Middlebrooks et al., 2002). 



Chapter 1: Introduction 
 

33 

 

Cortical pathway for auditory motion processing  

Sounds enter the ear arriving at the cochlea and stimulate the hair cells where the 
different frequencies of these sounds stimulate different hair cells. Auditory information is 
then transferred through the auditory nerve to the medulla and then to the inferior colliculus 
in the midbrain. Information is then passed to the medial geniculate nucleus in the thalamus 
and then to the auditory cortex. Similar to how the visual system represents visual 
information in the form of retinotopic maps, the auditory system represents auditory 
information in the frequency domain in a tonotopic organization. Auditory spatial and non-
spatial information is processed in two auditory streams (Hackett & Kaas, 2004; 
Rauschecker & Tian, 2000) analogous to the dorsal and the ventral pathways in vision. The 
auditory “what” pathway is suggested to be involved in non-spatial object recognition 
processes (J. H. Kaas & Hackett, 1999; Romanski et al., 1999), while the auditory “where” 
pathway processes spatial and auditory motion information (Rauschecker & Tian, 2000). 
The planum temporale (PT) is a region that is posterior to the Heschl's gyrus within the 
Sylvian fissure and is known to be involved in several functions as perception of music 
(Zatorre et al., 1994), speech perception (Binder et al., 1996; Giraud & Price, 2001), spatial 
information processing (Warren et al., 2002), and auditory motion processing (Baumgart et 
al., 1999; J. W. Lewis et al., 2000). Focusing on auditory motion, PT shows enhanced 
recruitment when processing auditory motion stimuli when compared to auditory static 
stimuli (Battal et al., 2019; Baumgart et al., 1999; Krumbholz et al., 2005; J. W. Lewis et 
al., 2000; Pavani et al., 2002; Warren et al., 2002). Additionally, auditory motion 
information could be decoded from the activity patterns in PT (Alink et al., 2012; Battal et 
al., 2018, 2019; Dormal et al., 2016; Jiang et al., 2014, 2016). Moreover, 
neuropsychological case studies demonstrated that the resection of the posterior superior 
temporal gyrus (including PT) led to deficits in perceiving auditory motion (Ducommun et 
al., 2004).  All these findings suggest that PT is a cornerstone region for processing 
auditory motion information.  

So far, we have talked about auditory motion processing within the auditory 
network, and we previously discussed visual motion processing within the visual system. 
The next section discusses the multi-sensory processing of motion information from 
different sensory modalities, and how motion information is represented in multisensory 
motion processing regions (i.e., hMT+/V5). 

Multi-sensory motion processing: Behavior 

Integrating motion information from multiple senses can lead to enhanced 
perception of motion (Meyer et al., 2005; Soto-Faraco et al., 2002; Soto-Faraco, Kingstone, 
Calvert, et al., 2004). When visual and auditory motion stimuli are presented 
simultaneously and are moving in opposite directions, the behavioral performance in 
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motion direction discrimination is reduced (Soto-Faraco, Kingstone, & Spence, 2004). 
Moving visual stimuli can bias the perception of auditory motion direction (Soto-Faraco, 
Kingstone, & Spence, 2004), and auditory motion stimuli can bias the perception of visual 
motion direction (Meyer & Wuerger, 2001). These results suggest that the information from 
the different modalities is integrated in the brain leading to a coherent percept of motion 
direction. There is a clear interplay between the different modalities when processing 
motion information. It was demonstrated that adaptation to visual motion directions can 
lead to a motion after-effect in the tactile modality, and adaptation to tactile motion 
directions leads to a visual motion after-effect (Konkle et al., 2009). The transfer of the 
adaptation effect across modalities suggests a shared neural mechanism for motion 
processing across modalities. 

Multi-sensory motion processing: Brain 

Studies have suggested that the integration of multisensory motion signals occurs 
in higher-order multi-sensory regions such as the superior temporal sulcus (Baumann & 
Greenlee, 2007; Beauchamp, 2005) or the parietal cortex (Lewis et al., 2000). Further 
evidence showed that multi-modal motion information is integrated in hMT+/V5 (Alink et 
al., 2008; Scheef et al., 2009; von Saldern & Noppeney, 2013). Thus, the classic modular 
view of the brain, where visual/auditory areas process only visual/auditory information, 
might be questionable. Recent evidence showed that the representation of different 
categories when using auditory stimuli could be found even in the early visual cortex 
(Vetter et al., 2014). Furthermore, when watching audio-visual vocalization clips compared 
to when listening to the same audio without video, some cells in the auditory cortex in 
primates showed enhanced neural responses while others showed reduced responses. These 
results suggest that multi-sensory interactions could even occur at the level of primary 
sensory cortices and not only at higher-level association areas (Ghazanfar et al., 2005). The 
interaction between primary sensory cortices is further supported by studies demonstrating 
direct anatomical connections between the early visual cortex and the auditory cortex in the 
primate brain (Falchier et al., 2002), and that disrupting brain activity in the occipital cortex 
by applying TMS can lead to deficits in tactile orientation discrimination (Zangaladze et al., 
1999). The recent views suggest that the primate brain is multi-sensory in nature including 
the regions that were typically considered early uni-sensory regions (Ghazanfar & 
Schroeder, 2006). While a region is dominantly responsive to one modality (e.g., vision), it 
may contain information from another sensory modality (e.g., auditory) even though the 
level of recruitment is less in the non-dominant modality.  
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Figure 1.5 The recruitment of hMT+/V5 during motion processing from different modalities. 
[A] hMT+/V5 was recruited during auditory motion processing (Poirier et al., 2005). [B, C] The 
recruitment of different regions during tactile (in red) and visual motion processing (in green). The 
activations from tactile and the visual motion overlapped in the anterior part of hMT+/V5. Figures 
adapted from [A] (Poirier et al., 2005), [B] (Van Kemenade et al., 2014), and [C] (Ricciardi et al., 
2007). 

As previously discussed, there is multi-sensory motion information in hMT+/V5 
(Alink et al., 2008; Scheef et al., 2009; von Saldern & Noppeney, 2013). Additionally, 
hMT+/V5 is recruited when processing auditory motion information (Figure 1.5; Poirier et 
al., 2005). The evidence from primates studies reveals the existence of direct projections 
from the middle lateral belt region of the auditory cortex to area MT (Majka et al., 2019). 
Moreover, hMT+/V5 was recruited during tactile motion processing (Figure 1.5; Hagen et 
al., 2002; Ricciardi et al., 2007; Van Kemenade et al., 2014). The anterior subdivision of 
hMT+/V5 is recruited during tactile motion processing, and shows enhanced connectivity 
with the somatosensory cortex during tactile motion processing (Ricciardi et al., 2007; Sani 
et al., 2010). Recent advancements in multivariate analysis techniques offered new tools 
that are more sensitive than traditional fMRI analysis such as univariate techniques (see 
below the section detailing the methods used to investigate brain activity). Multivariate 
pattern analysis (MVPA) demonstrated that despite the lower level of univariate 
recruitment of hMT+/V5 to non-visual motion, motion information was present in 
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hMT+/V5 during auditory (Battal et al., 2018; Dormal et al., 2016; Strnad et al., 2013) and 
tactile motion processing (Van Kemenade et al., 2014). 

According to the metamodal theory of the brain (Pascual-Leone & Hamilton, 
2001), a functional region is organized to perform a specific function, and is not dependent 
on the dominant sensory input modality. Therefore, according to the metamodal theory, 
hMT+/V5 is an abstracted motion processing region that is indifferent to the input 
modality, but is specialized to process motion information. While this theory can explain 
why we may find motion information from different modalities in hMT+/V5, it does not 
address the format of representation of visual and auditory motion information. In other 
words, while visual and auditory motion information can be present in hMT+/V5, we 
cannot know whether the representation of visual motion is similar to or identical to the 
representation of auditory motion. Relying on overlapping activations to infer similar 
computations or abstracted representation (Pascual-Leone & Hamilton, 2001; Ricciardi et 
al., 2007) could be misleading as a single region (e.g. planum temporale) could be recruited 
during performing different cognitive tasks while performing different kinds of 
computations (Baumgart et al., 1999; Binder et al., 1996; Lewis et al., 2000; Warren et al., 
2002; Zatorre et al., 1994). In other words, hMT+/V5 could be recruited during processing 
visual and auditory motion, however, the processing of motion information from the 
different modalities could be completely different. Moreover, despite the presented 
evidence of the multi-sensory processing of motion information in hMT+/V5, there are 
studies that do not support these findings and still advocate for a uni-sensory visual 
processing of motion information in hMT+/V5. Therefore, we will discuss the arguments 
that are in favor of a multisensory processing of motion information in hMT+/V5, and the 
arguments advocating for a uni-sensory visual motion processing in hMT+/V5. 

Arguments supporting multisensory motion processing in 
hMT+/V5 

Different studies have suggested that hMT+/V5 is recruited during auditory and 
tactile motion processing (Hagen et al., 2002; Poirier et al., 2005; Ricciardi et al., 2007). 
Different non-visual motion conditions or directions could be decoded from the activity 
patterns in hMT+/V5 (Battal et al., 2018; Dormal et al., 2016; Strnad et al., 2013; Van 
Kemenade et al., 2014). Additionally, applying TMS to hMT+/V5 impaired tactile motion 
direction discrimination (Amemiya et al., 2017). These studies altogether promoted the idea 
that auditory/tactile motion information is present in hMT+/V5. However, there were 
different interpretations about how hMT+/V5 encodes motion information. Some studies 
interpreted these findings as an evidence for hMT+/V5 (or a subdivision of hMT+/V5) 
being supra-modal or abstracted from the sensory input (Ricciardi et al., 2007; Sani et al., 
2010). Another study suggested that visual and tactile motion direction information are 
represented in hMT+/V5, however, when using cross-modal decoding, the cross-modal 
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classifier was not able to discriminate the motion directions across modalities. Therefore, 
the authors concluded that there was no shared information between the two modalities, and 
that hMT+/V5 is a multi-modal region with separate neural populations processing motion 
information from the different modalities separately (Van Kemenade et al., 2014).  

Arguments supporting uni-sensory visual motion 
processing in hMT+/V5 

Oppositely, there are also studies advocating for the modular visual nature of 
hMT+/V5. Case studies with individuals having bilateral damage in hMT+/V5 showed 
deficits in visual motion processing but not in auditory motion processing (Zihl et al., 1983, 
1991). Initially it was proposed that different subdivisions of hMT+/V5 respond differently 
to different modalities where hMT is a unimodal visual area, and tactile motion information 
is represented only in MST (Beauchamp et al., 2007). However, this view was later updated 
and it was proposed that neither MT and MST represent tactile information (Jiang et al., 
2015). Similarly in the auditory modality, some studies found no evidence of auditory 
motion processing in hMT+/V5 (Alink et al., 2012; Jiang et al., 2014; Saenz et al., 2008), 
or even found a deactivation in hMT+/V5 during auditory motion processing (Lewis et al., 
2000). These results supported the unimodal view of hMT+/V5. 

 These authors of the above-mentioned studies further claim that the results 
obtained from the studies advocating for the multi-modal/supra-modal nature of hMT+/V5 
are a byproduct of an inaccurate definition of hMT+/V5 or preprocessing strategies. Multi-
modal regions are in close proximity to hMT+/V5 (Beauchamp, 2005), therefore including 
these regions can lead to false positive results. Similarly, applying spatial smoothing can 
lead to spill-over effects from neighboring multi-modal regions (Beauchamp et al., 2007; 
Jiang et al., 2015). The study by Jiang and colleagues demonstrated that when individually-
defining hMT+/V5 (MT and MST), and avoiding smoothing, no enhanced recruitment was 
observed in MT or MST (Jiang et al., 2015). Accordingly, if hMT+/V5 was properly 
defined and spatial smoothing was avoided, we should not find auditory (or tactile) motion 
information in hMT+/V5.  

The first aim of the present thesis will therefore be to investigate the multisensory 
nature of motion processing in hMT+/V5. The second chapter of the present thesis is 
dedicated to the question of whether hMT+/V5 is a purely unimodal visual area as 
previously suggested, or whether in fact there is non-visual motion information in 
hMT+/V5 when it is accurately defined and when methodological confounds are avoided 
and controlled for.  

Since we investigated the uni-/multi-/supra-modal nature of motion processing in 
hMT+/V5, it is important to elaborate on the meanings of these terms. Unfortunately, these 
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terms are interpreted differently among researchers, and therefore it is necessary to clearly 
define them in the current thesis (Ricciardi & Pietrini, 2011; Spence et al., 2009; Voss & 
Zatorre, 2012). The following definitions are what is meant when we refer to unimodal, 
multi-modal, and supra-modal in the present thesis. 

A unimodal region is a region that contains neurons that respond to or contain 
information from only one sensory modality (Figure 1.6A, B).  

A Multi-modal region is a region with different sets of neurons, with different 
preferences for different modalities. While a region responds to information from different 
modalities, the response profile is modulated and affected by the input modality. It does not 
necessarily mean the neurons preferring different modalities does not interact with each 
other (Figure 1.6C).  

A supra-modal region is a region that contains neurons that respond equally to a 
certain stimulus across modalities and is not modulated by the sensory modality. Here 
supra-modality is defined as being indifferent to and unaffected by the sensory input 
modality (Figure 1.6D).  

In the next section, we will discuss how the multisensory processing in hMT+/V5 
can shape its development, and how hMT+/V5 reorganizes in the case of visual 
deprivation. 
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Figure 1.6 An illustration of unimodal, multi-modal, and supra-modal regions. 
A representation of unimodal regions where all the neurons/voxels contain information [A] only from 
the visual modality, or [B] only from the auditory modality. [C] A representation of a multi-modal 
region which contains information from the visual and the auditory modality, however, 
neurons/voxels have different preferences for the visual and the auditory modalities. [D] A 
representation of a supra-modal region which contains the same information regardless of the 
sensory modality, and is not modulated by the sensory input. 

The impact of visual deprivation on the development of the 
visual system 

Understanding what drives the development of the visual system is not limited to 
investigating how it reacts to visual stimuli, but also by investigating how it develops in the 
presence/absence of visual input. Seminal studies in animals used visual deprivation as a 
model to understand the development and plasticity of the visual cortex. This was 
implemented by using different kinds of deprivation such as feature deprivation, monocular 
deprivation, or binocular deprivation. 

Orientation and Direction Deprivation 

Visual deprivation can be applied to a specific visual feature (as orientation or 
motion direction) while still having visual experience. Neurons in the early visual cortex 
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show orientation and direction selectivity for stimuli presented in their receptive fields. A 
neuron that is selective to a specific orientation (e.g., horizontal orientation) will show an 
enhanced response for a presented stimulus in its receptive field in the horizontal 
orientation than for a stimulus in a different orientation (e.g., vertical). If the animal is 
reared in an environment of stripes with only one orientation present (e.g., horizontal), and 
is not exposed to other orientations, the percentage of neurons preferring the presented 
orientation (e.g., horizontal) will be much higher (Blakemore & Cooper, 1970; Hirsch & 
Spinelli, 1970). Similarly, for motion selectivity, neurons that are selective to a specific 
motion direction show enhanced responses when the presented stimulus is moving in the 
preferred direction than when moving in another direction. If an animal is reared in an 
environment with dot patterns moving in only one direction (e.g., rightward motion), and is 
deprived from perceiving other motion directions, the percentage of neurons preferring the 
presented motion direction (e.g., rightward motion) will be very high (Cynader et al., 1975; 
Daw & Wyatt, 1976).  However, with training on the deprived motion directions, motion 
selectivity for the deprived directions in the early visual cortex is enhanced (Li et al., 2008; 
Van Hooser et al., 2012). 

Monocular visual deprivation 

Monocular visual deprivation in kittens from birth led to most cells in the visual 
cortex losing their responsiveness to stimuli from the deprived eye (Hubel & Wiesel, 1970; 
Wiesel & Hubel, 1963a, 1965a). Interestingly, the effects arising from visual deprivation 
were prominent when visual deprivation occurred early in life. When cats were visually 
deprived at an adult stage in their life, these effects were minimal (Hubel & Wiesel, 1970). 
Similar results were later demonstrated in primates (Le Vay et al., 1980). These results led 
to the conclusion that there is a critical period early in life where the presence/absence of 
visual input influences the development of the visual cortex. Therefore, it is necessary to 
investigate how the visual system develops in the absence of visual experience. 

Early transient and complete visual deprivation  

The absence of visual input during the critical period early in life has a strong 
impact on the development of the visual system (Hubel et al., 1977; Hubel & Wiesel, 1970; 
Wiesel & Hubel, 1965b). It is necessary to understand the duration of that critical window, 
and how does the presence/absence of visual experience during this window impact the 
development of the visual system (Maurer, 2017; Maurer et al., 2005). Studies in ferrets 
proposed that directional selectivity in the visual cortex requires visual experience to 
develop (Li et al., 2006, 2008). Unlike orientation selectivity and ocular dominance that 
were present following eye opening, direction selectivity in ferrets was absent. However, it 
developed gradually with visual experience (Li et al., 2006); but see other findings in mice 
suggesting that direction selectivity is independent from visual experience (Rochefort et al., 
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2011). Behavioral studies in kittens demonstrated that visual deprivation during the first six 
weeks of life leads to permanent deficits in the perception of global motion (Mitchell et al., 
2009).   

 

Figure 1.7 Effect of visual deprivation due to cataract on global motion processing. 
The figure illustrates the required motion coherence thresholds to discriminate different motion 
directions in cataract-reversal patients and their matched controls. Deficits in global motion 
processing were most prominent in patients who had a history of congenital and bilateral cataract. 
Figure is adapted from (Maurer et al., 2005) 

Human studies in the cataract-reversal patients provided a window to understand 
how the lack of visual experience early in life even for a brief period can change the typical 
development of the visual motion system (Ellemberg et al., 2002; Grady et al., 2014; 
Maurer, 2017; Maurer et al., 2007). Cataract-reversal patients who were deprived from 
visual experience for a period of less than eight months showed strong deficits in 
discriminating visual motion directions despite being tested after years of visual experience 
following the cataract removal surgery. These deficits were specific to patients who had  a 
history of congenital and dense bilateral cataract (Figure 1.7, Ellemberg et al., 2002; 
Maurer et al., 2005). Brief early visual deprivation not only affected visual processing in 
visual areas, but also affected the integration of multi-sensory information in multi-sensory 
regions probably due to relying on the more reliable auditory signal (de Heering et al., 
2016; Guerreiro, Erfort, et al., 2015). This is potentially due to the recruitment of the visual 
cortex in the cataract reversal patients during auditory processing (Collignon et al., 2015). 
Indeed, the absence of visual input early in life even for a short period of time seems to 
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trigger a long-lasting cross-modal reorganization of the visual cortex (Collignon et al., 
2015). This enhancement in auditory or non-visual processing is accompanied by 
deficiencies in visual processing (Bottari et al., 2018; de Heering et al., 2016; Ellemberg et 
al., 2002). It has been suggested that the reduced performance in processing global motion 
in vision is a result of deficits in neural processing in hMT+/V5 (Ellemberg et al., 2002; 
Maurer et al., 2005). However, the neural correlates of visual motion processing in cataract 
reversal patients have not been comprehensively tested.  

In the present thesis we addressed this question of how the visual motion system is 
altered due to an early and a brief period of visual deprivation using fMRI. In the third 
chapter, we tested how the absence of visual input during the sensitive period early in life 
impacts visual motion processing and the development of different regions (as V1 and 
hMT+/V5) in the visual motion system.  Moreover, we investigated the connectivity 
between low-level and high-level visual areas when processing visual motion information, 
and the impact of brief early visual deprivation on the connectivity profile of hMT+/V5. 

In the next section, we discuss how permanent visual deprivation impacts the 
functional organization of the visual system, and we address how the onset of visual 
deprivation impacts the organization of hMT+/V5, and its connectivity profile with 
different brain networks. 

Permanent congenital/early blindness 

As previously discussed, early visual deprivation alters the normal development of 
the visual cortex (Hubel et al., 1977; Wiesel & Hubel, 1963a, 1965a). Interestingly, studies 
in the early blind (EB) demonstrated that their occipital cortex is not dormant even during 
rest (Veraart et al., 1990; Wanet-Defalque et al., 1988), and in fact also responds to tactile 
(Büchel et al., 1998; Pietrini et al., 2004; Sadato et al., 1996) and auditory stimuli (Weeks 
et al., 2000). In addition to non-visual sensory stimuli, the occipital cortex responded to 
higher order cognitive functions such as language (Bedny et al., 2011; Burton et al., 2002) 
and memory (Amedi et al., 2003). Disrupting the occipital’s activity by using TMS leads to 
impairments in sound localization (Collignon et al., 2007), verbal memory (Amedi et al., 
2004) and Braille identification (Cohen et al., 1997).	Single case studies also supported 
these findings. A proficient blind braille reader lost her ability to read braille following a 
bilateral occipital lesion due to a stroke (Hamilton et al., 2000). All these findings indicate 
that the presence/absence of visual input during the sensitive period early in life has a 
strong impact on the development of the “visual” system. 



Chapter 1: Introduction 
 

43 

 

Functional reorganization of the visual system 

The reorganization of the visual system in the EB seems to follow certain 
functional organizational principles. For instance, the visual word form area (VWFA), 
which responds to visual words in the sighted, is recruited during braille reading in the EB 
(Reich et al., 2011). The category selectivity observed in the sighted in the ventral stream is 
preserved in the EB when stimulated with non-visual stimuli (Mahon et al., 2009; Pietrini et 
al., 2004). Similarly in the dorsal stream, which is specialized in processing visual spatial 
and motion information in the sighted, the functional organization is preserved in the EB. 
Areas in the right dorsal stream were preferentially recruited when performing auditory 
localization tasks (Collignon et al., 2011; Gougoux et al., 2005; Weeks et al., 2000). 
Additionally, hMT+/V5 was recruited in the EB during auditory (Battal et al., 2018; Bedny 
et al., 2010; Dormal et al., 2016; Jiang et al., 2014; Poirier et al., 2006; Strnad et al., 2013; 
Wolbers, Zahorik, et al., 2011) and tactile motion processing (Ricciardi et al., 2007).  

One suggested theory explaining this cross-modal reorganization to process non-
visual information is Hebbian competition. At birth, there are connections between the 
different sensory cortices. Depending on the available sensory inputs, the connections can 
be either strengthened or pruned (Hebb, 1949). In the presence of visual experience, and 
because of the visual pathway from the retina to the early visual cortex, visual information 
arrives faster to the occipital cortex than other regions, therefore the occipital cortex 
processes visual information, and some of the connections between the occipital cortex and 
the auditory cortex are pruned away for efficiency. In the absence of visual input, no visual 
information arrives to the visual cortex. Therefore, the “visual” cortex is reorganized to 
process non-visual information with enhancing connections between the occipital cortex 
and the cortical/subcortical auditory regions (Hebb, 1949).  

Hebbian competition can explain why the visual cortex is strongly recruited when 
processing non-visual information, however, it doesn’t explain why a certain region like 
hMT+/V5 maintains its functional role as a motion processor (Bedny et al., 2010; Dormal 
et al., 2016; Poirier et al., 2006), or why VWFA is recruited during processing non-visual 
words (Reich et al., 2011). As previously discussed, the question of how does functional 
specialization emerge in the brain doesn’t have a definitive answer. Different theories have 
been proposed to explain the origin of functional specialization. The three main theories 
were visual features selectivity, hierarchy of information processing, and the biased 
connectivity hypothesis. While the visual features selectivity hypothesis was promising in 
explaining the functional role of many visual regions (Op de Beeck et al., 2019; Silson et 
al., 2015), it fails to explain the maintenance of the functional role of different functional 
regions in the congenital visually deprived as they didn’t have any visual experience.  
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The biased connectivity hypothesis (Hannagan et al., 2015), on the other hand, 
seems to be the most promising theory to explain cross-modal reorganization in the EB. 
The interest in investigating this hypothesis increased in the field as it provides a 
mechanistic explanation where other theories failed. The VWFA, which processes visual 
words in the sighted (Cohen et al., 2000; McCandliss et al., 2003), is recruited during 
braille reading in the early blind (Reich et al., 2011). The maintenance of the functional role 
of this region, despite not being in the visual modality, is most likely attributed to its strong 
connectivity to the language network (Bouhali et al., 2014; Stevens et al., 2017). Recent 
evidence suggested that the visual motion area hMT+/V5 actually processes motion 
information from non-visual modalities in the sighted individuals (Battal et al., 2018; 
Dormal et al., 2016; Poirier et al., 2005; Strnad et al., 2013; Van Kemenade et al., 2014). 
This is most likely due to the observed functional and structural connectivity of hMT+/V5 
(or its sub-regions) to the auditory and the tactile sensory networks (Gurtubay-Antolin et 
al., 2020; Sani et al., 2010). In the case of early visual deprivation, hMT+/V5 shows 
enhanced recruitment in the early blind than the sighted controls during processing tactile 
and auditory motion information (Battal et al., 2018; Dormal et al., 2016; Jiang et al., 
2016). The observed reorganization leading to enhanced processing and maintenance of its 
functional role could be driven by the connectivity architecture of hMT+/V5 to the different 
sensory networks (Gurtubay-Antolin et al., 2020; Sani et al., 2010). 

Impact of the age of blindness onset 

As suggested by animal studies (Hubel & Wiesel, 1970; Le Vay et al., 1980), 
visual deprivation in humans at a later stage in life has a much lesser impact on the 
reorganization of the visual cortex. For instance, the occipital cortex is recruited during 
braille reading in EB, but not late blind. Applying TMS to the occipital cortex during 
braille-reading leads to impairments in the EB and not the LB (L. G. Cohen et al., 1999). 
hMT+/V5 showed significant recruitment during auditory motion processing in the EB, but 
not in the LB (Bedny et al., 2010). That is not to say that there is no evident reorganization 
in the visual cortex of the LB. Cross-modal plasticity is observed in the visual cortex of the 
LB during performing auditory tasks (Collignon et al., 2013; Voss et al., 2006), however, it 
is significantly less than that observed in the EB (Figure 1.8; Collignon et al., 2013). While 
cortical reorganization is possible at a later stage in life, the presence/absence of visual 
input during the early critical period in life strongly impacts the organization and the 
development of the visual system (Voss, 2013). 
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Figure 1.8 Cross-modal plasticity in the early blind and the late blind. 
When comparing the early blind (EB) with their matched control group (SCEB), and the late blind 
(LB) with their matched control group (SCLB), the EB and LB showed enhanced recruitment of the 
occipital cortex when processing auditory information as a result of cross-modal plasticity. While 
both EB and LB showed cross-modal reorganization of the visual system during auditory processing, 
the reorganization in the LB was much less pronounced than that observed in the EB in terms of 
magnitude or anatomical location. Figure adapted from (Collignon et al., 2013). 

The connectivity architecture of the visual system in the 
visually deprived 

Resting-state functional connectivity has been used to understand the 
communication between different brain regions during rest (Biswal et al., 1995). The 
resting connectivity profile of a functional region seems to reflect its functional role and 
organization to a certain extent. For instance, looking at the connectivity of the left motor 
cortex, it was found that at rest, this region is connected to the contra-lateral motor cortex 
(Biswal et al., 1995). Similarly, when taking the posterior cingulate cortex (a part of the 
default mode network (DMN)) as seed region, it shows strong connectivity with other 
regions belonging to the DMN (Fox et al., 2005). Studying connectivity is not only 
important to reveal the communication between different brain regions, but also could 
potentially explain the emergence of functional specialization in the brain. As previously 
discussed, the biased connectivity hypothesis suggests that the emergence of functionally-
specialized regions could be dependent on the connectivity architecture of a specific region 
(Hannagan et al., 2015; Op de Beeck et al., 2019; Osher et al., 2016). Therefore, 
investigating the connectivity architecture of hMT+/V5 in the visually-deprived can 
provide some insights into its development and its functional role in motion processing 
following visual deprivation.  

Studies investigating motion processing in the EB and LB suggested that the 
reorganization of hMT+/V5 to process auditory motion information is unique to the EB and 
is not present in the LB (Bedny et al., 2010). Interestingly, other studies investigating 
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auditory spatial processing in the dorsal stream demonstrated that there was cross-modal 
recruitment of the visual cortex in the EB and the LB when processing auditory 
information. However, the magnitude and the extent of this cross-modal recruitment in the 
LB was less than that observed in the EB (Collignon et al., 2013). Considering the proposed 
role of connectivity on the development of functionally specialized regions in the brain 
(Hannagan et al., 2015; Op de Beeck et al., 2019), it is necessary to investigate the 
connectivity architecture of hMT+/V5 in the case of early and late visual deprivation. 
Except for few studies (Qin et al., 2015; Sabbah et al., 2016), most connectivity studies in 
the blind individuals focused only on early visual deprivation (Bedny et al., 2011; Burton et 
al., 2014; Liu et al., 2007) or anophthalmic individuals (Watkins et al., 2012). Moreover, 
most of these studies focused on the visual cortex globally and its connectivity with other 
brain networks (Figure 1.9; Burton et al., 2014; Liu et al., 2007), and were not specifically 
investigating hMT+/V5. Our main goal in the present thesis is to understand the 
organization and the development of hMT+/V5 and the visual motion system. Therefore, in 
the fourth chapter of the present thesis, we tested the impact of blindness onset on the 
connectivity architecture of hMT+/V5 within the visual motion network and across 
different sensory networks.  
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Figure 1.9 Resting-state functional connectivity changes in the early blind. 
[A] The visual cortex in the EB shows reduced connectivity (in blue) with the somato-sensory and the 
motor cortex, and enhanced connectivity (in red) with frontal language regions (Liu et al., 2007). [B] 
A visualization of the connectivity matrix between different networks in the sighted and the EB 
(Burton et al., 2014). [C, D] Group differences in the resting state connectivity between different 
networks demonstrating reduced connectivity between the visual cortex and the auditory and 
somatosensory cortex. Figures are adapted from (Burton et al., 2014; Liu et al., 2007). 
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Methods used to investigate brain activity 

Neuroimaging techniques became a popular and an effective method to measure 
brain activity non-invasively. Different neuroimaging techniques (as fMRI, 
electroencephalography (EEG), and Magnetoencephalography (MEG)) rely on different 
principles, and each method has its advantages and disadvantages. While EEG and MEG 
have a high temporal resolution, they have a low spatial resolution. Oppositely, while fMRI 
has a low temporal resolution, it has a high spatial resolution. The choice of the optimal 
neuroimaging technique depends on the experimental question and the experimental design. 
For our experiments, fMRI is a more suitable technique to answer our research questions as 
we need high spatial resolution to accurately define hMT+/V5 in each subject and to 
investigate the elicited activity patterns in hMT+/V5 when processing motion information. 
Therefore, we used fMRI in our experiments, and relied on different analytical techniques 
that will be detailed hereafter.  

fMRI and univariate analyses 

fMRI relies on the magnetic properties of oxygenated and deoxygenated 
hemoglobin cells. De-oxy hemoglobin has strong paramagnetic properties which leads to 
higher distortion in the magnetic field produced by the MRI magnet. As the recorded signal 
from the fMRI relies on the magnetic properties of oxy- and deoxyhemoglobin, the 
measured signal is referred to as the blood oxygen-level-dependent (BOLD) signal (Ogawa 
et al., 1990). The BOLD signal is an indirect measure of neural activity. When there is an 
increase in neural activity, oxygen consumption increases to produce sufficient energy. The 
depletion of oxygen leads to the conversion of the oxyhemoglobin to deoxyhemoglobin. 
The decrease in the oxy/deoxy-hemoglobin ratio triggers the body to provide more energy 
to these neurons. It leads to a strong increase in blood volume and blood flow (Buxton et 
al., 1998). The massive income of oxyhemoglobin leads to an increase in the BOLD signal. 
The hemodynamic response function (HRF) is a measure of how the BOLD signal evolves 
over time following a neuron’s stimulation (Hoge & Pike, 2001a, 2001b). The HRF is 
characterized by an initial dip in the first 1-2 seconds (Malonek & Grinvald, 1996) 
followed by an increase of the BOLD response reaching maximum peak after 4-6 seconds, 
and then gradually returning to baseline after ~15 seconds. The HRF function varies across 
individuals and also across different regions (Aguirre et al., 1998b). This is attributed to the 
different vascularity of different brain regions. Therefore, directly comparing the activation 
of different brain regions to the same task is not feasible.  

In a standard univariate analysis, the HRF is convolved with the presented stimuli 
and the different conditions to predict the BOLD activity in each voxel independently 
(Boynton et al., 1996). This is performed using a General Linear model (GLM) relying on 
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multiple linear regression which estimates the contribution (𝛽) of the different predictors 

(𝑋) to the recorded brain activity (𝑌). 

𝑌	 = 𝑋𝛽 + 	𝜀 

The univariate analysis using the GLM massively improved our understanding of 
the brain organization and the functional specialization of brain networks. For instance, 
univariate analyses were used to discover regions dedicated to processing faces (Kanwisher 
et al., 1997), body parts (Downing et al., 2001), and scenes (Aguirre et al., 1998a; Epstein 
& Kanwisher, 1998). In the visual motion system, hMT+/V5 is typically defined by 
contrasting brain responses to moving stimuli with responses to static stimuli (J. D. G. 
Watson et al., 1993; Zeki et al., 1991). Even sub-regions of hMT+/V5 as MT and MST can 
be distinguished using univariate analysis techniques (Huk et al., 2002). However, there are 
limitations to univariate analyses if we want to address specific questions. For instance, 
while hMT+/V5 is strongly recruited when processing motion information from different 
directions, we don’t observe any activation-level differences between the responses to the 
different directions. While non-human primate studies using single-cell recordings suggest 
a columnar organization of MT (Albright et al., 1984b), it is difficult to observe this 
organization in humans using fMRI due to the relatively low spatial resolution of the fMRI 
when compared to invasive electrophysiology techniques in animals (usually around 3000 
μm isotropic voxels compared to the resolution of the cortical columns (~300-600 μm) in 
the primate MT (Albright et al., 1984b). Other techniques such as repetition suppression (or 
adaptation leading to motion after-effect) were used to address the question of motion 
direction representation in hMT+/V5 (Culham et al., 1999; Tootell, Reppas, Dale, et al., 
1995). Additionally, recent advancements in neuroimaging techniques and specifically 
high-field MRI made it possible to observe a large-scale columnar organization of MT 
(Zimmermann et al., 2011). However, even using high-field imaging, it is not easy to 
address the format of representation of motion directions in hMT+/V5. How does 
hMT+/V5 represent motion directions from different sensory modalities? Is the 
representation of motion abstracted from the sensory input? Or is it multi-modal and 
represents each modality differently? Several studies used univariate techniques and relied 
on overlapping activations to infer similar computations or abstracted representation 
(Pascual-Leone & Hamilton, 2001; Ricciardi et al., 2007). However, the recruitment of the 
same region in two different tasks does not necessarily indicate that identical computations 
are performed. Therefore, instead of being limited to the single voxel (univariate) analysis, 
we employ multivariate pattern analysis to investigate the above-mentioned questions. 
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Multivariate pattern analysis (MVPA)  

In the beginning of the last decade, the notion of pure functional specialization 
came to question. Haxby and colleagues introduced the idea of distributed representation 
opposing the classical view of centralized representation. For instance, regions typically 
known to process faces showed the strongest recruitment for stimuli with faces, however, 
other stimuli without faces still elicited a lesser response in these regions (Haxby et al., 
2000). The presence of a response in these regions for non-face stimuli suggested that 
certain computations are being performed. Soon after, the idea of looking at the distributed 
activity pattern altogether rather than voxel-wise activation level was introduced (Haxby et 
al., 2001). The appeal of using MVPA was motivated by how it addressed the limitations of 
univariate analyses. It provided a tool that was much needed to address questions that were 
unanswerable by univariate techniques.  

MVPA introduced new assumptions that were against the traditional assumptions 
of univariate analyses, yet they were accepted due to evolved understanding of the brain 
organization. MVPA doesn’t look at individual voxels, but rather looks at an ensemble of 
voxels together and extracting information from the relation between the different voxels. 
This is totally different from the univariate techniques which look at each voxel in isolation 
for statistical analysis. Additionally, univariate analysis looks at the activation level in 
individual voxels. If the activation level passed a predetermined statistical threshold, then 
we would infer that this voxel is recruited during performing the specified task. On the 
other hand, MVPA does not consider by default low activation as an indicator of absence of 
information or just noise. In fact, it considers it as a potential source of information. If the 
distributed activity pattern reveals information about a specific task or cognitive function, 
that would be an indicator of the presence of information in the ensemble of voxels. Even 
when excluding maximally responsive voxels, the activity patterns in the ventral occipito-
temporal cortex (vOTC) were consistent for the different categories (Haxby et al., 2001). 
These findings strengthened the notion that computations in the brain are not limited to 
maximum recruitment levels, and that a region may potentially contain information 
regarding other categories that don’t massively activate this region. That is not to 
underestimate the important role of univariate analyses relying on activation levels, but 
rather to emphasize another source of information which is the global activity pattern and 
the relation between different voxels altogether. There are different ways to conduct 
multivariate analyses, and new techniques continue to be introduced in the field. Here we 
discuss the most popular techniques and the ones that we will use in our experiments. 

Split-half correlation 

Split-half correlation (SHC) is performed by dividing the different experimental 
runs into odd and even runs. In a certain region-of-interest (ROI), the activity patterns 
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elicited by different categories or tasks are extracted for the odd and the even runs 
independently. The within-category SHC is computed by correlating the activity pattern to 
a certain category in the odd run with that in the even run. If the patterns from the odd and 
even runs are significantly correlated, this would suggest that there is reliable and stable 
information about this category across the different runs. To perform across-category SHC, 
the activity patterns elicited by one category in the odd runs are correlated with those from 
the other categories in the even runs (and vice versa). This technique was introduced by 
Haxby and colleagues (2001). They demonstrated that the within-category SHC was higher 
than the across-category SHC (Figure 1.10). Even when removing the most responsive 
voxels in these regions, the SHC results were not affected highlighting the presence of 
stable distributed representation of different categories in the vOTC (Haxby et al., 2001). 

 

Figure 1.10 Split-half correlation analysis. 
This analysis was first introduced by Haxby and colleagues (2011) where they estimated the activity 
patterns in the ventral occipito-temporal cortex (vOTC) in the odd and even runs of the experiment 
when processing different categories (here faces and houses). The correlation values across even and 
odd runs were higher within-categories than across-categories. This demonstrates that there are 
distributed activity patterns that are stable and consistent across runs within each category. Figure 
adapted from (Haxby et al., 2001). 

Pattern classification 

The field of cognitive neuroscience adopted more from the field of machine 
learning and pattern classification which led to additional analysis techniques other than 
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pattern correlations. Using pattern classification technique, a classifier is trained on 
different features (voxels) in a certain brain region to discriminate different categories. The 
classifier is then tested on an independent set of data. If it could successfully predict the 
different categories from the activity patterns, this would indicate that there is useful 
category information in the area that the classifier was able to learn and use to predict the 
new independent data (Figure 1.11). The technique can also be applied across the whole 
brain rather than a single region. A whole brain searchlight analysis is performed by 
creating a region of interest (e.g., a sphere) in which the classification analysis is 
performed. The sphere is then moved across the whole brain where each voxel in the brain 
gets to be the center of that sphere and the decoding analysis is performed. The results in a 
whole brain map reveal which regions contained discriminatory information between the 
different conditions that the decoder tries to classify (Kriegeskorte et al., 2006).  

The nature of the brain signal that contributes to the decoding analysis is still in 
debate. Some studies suggested that MVPA can have access to sub-voxel resolution 
information (also known as hyperacuity; (Haynes & Rees, 2006; Kamitani & Tong, 2005). 
According to this view, within each voxel, there is an unequal distribution of cortical 
columns with different preferences leading to consistent biases of individual voxels to 
different conditions. Therefore, a pattern classifier can pick up on these consistent biases 
and learn to discriminate the different conditions (Haynes & Rees, 2006; Kamitani & Tong, 
2005). On the other hand, other studies demonstrated that eliminating high frequency 
pattern information by smoothing the patterns does not have a negative impact on the 
classification results (Op de Beeck, 2010). Additionally, other studies suggested that the 
successful classification is driven by larger coarse scale information, and not necessarily 
depending on high frequency information as cortical column organization (Beckett et al., 
2012; Freeman et al., 2011; Shmuel et al., 2010). However, the two explanations are not 
necessarily mutually exclusive. Recent studies demonstrated that orientation information is 
unlikely to be due to low-spatial information alone. Information at different scales from 
high frequency spatial information to large scale biases do contribute to orientation 
decoding (Sengupta et al., 2017), and that orientation information is present at different 
spatial scales (Swisher et al., 2010). The influence of spatial frequency can also depend on 
the decoded task. For instance, using the same auditory stimuli, Gardumi and colleagues 
showed that the decoding accuracy of different vowels increased with higher spatial 
resolution. However, when classifying the speaker identity on the same stimuli, no 
enhancement in decoding was observed with higher spatial resolution (Gardumi et al., 
2016). These results suggest that both high spatial frequency information and coarse large-
scale information contribute to the classification process. Whether one of them or both of 
them contribute to the classification process depends on the task in question (Gardumi et 
al., 2016). 
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Figure 1.11 A graphical illustration of multivariate pattern classification. 
In this example, we are interested in differentiating the representation of two categories (here bottle 
and shoe). [a] We choose our features (voxels) of interest. These features could be chosen from a 
region of interest or by using a feature-selection technique. [b] The activity pattern from these voxels 
is estimated when processing the two categories in each run and each presentation. [c] A classifier is 
then trained to discriminate between these two categories by finding the optimal decision boundary 
that separates the two categories in the high-dimensional representational space. The classifier is 
then tested on new independent data to predict the categories of the test data. If category information 
is present in these features (or voxels), the classifier should be able to predict the tested categories 
above chance level. Figure adapted from (Norman et al., 2006). 
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Moreover, the classification analysis in a certain region does not only depend on 
the investigated activity pattern or its spatial resolution. There are other factors that 
contribute to the classification process. For instance, the choice of the classifier can impact 
the classification results as each classifier works in a different way. Studies have suggested 
that linear classifiers (as support vector machines (SVM) and linear discriminant analysis 
(LDA) classifiers) are the best choice for neuroimaging pattern classification (Misaki et al., 
2010).   

Support vector machine (SVM) classifier 

An SVM classifier finds a decision boundary (hyperplane) that separates the 
exemplars from the different categories. In SVM, the optimal hyperplane is the one that 
maximizes the margin between the decision boundary and the support vectors (Figure 
1.12). There are two necessary parameters for running an SVM-classifier. These are the 
kernel type (whether linear or nonlinear) and the regularization parameter (often called the 
C-parameter). In neuroimaging, the usage of non-linear kernels is not recommended as it is 
harder to interpret and would require us to use much less features and more data (Misaki et 
al., 2010). There is no predetermined right choice for the C-parameter, a high value of C-
parameter (low regularization) will lead to minimal mis-classifications in the training data, 
however, this might lead to overfitting. Oppositely, a small C-parameter (more 
regularization) will lead to some misclassifications in the training data, however, the 
classifier will be more general and less prone to overfitting. Too much regularization will 
lead to underfitting the training data. Therefore, it is important to find the right balance to 
avoid both overfitting and underfitting. Ideally, part of the data would be used to estimate 
the hyperparameters (as the C-parameter), and wouldn’t be used later in the training and 
testing phases. However, this needs a huge amount of data which is not practically feasible 
in MRI experiments most of the time. The convention in the field is to use a C-parameter of 
1 which represents a good compromise to avoid both overfitting and underfitting. 

Linear discriminant analysis (LDA) classifier 

The LDA classifier performs a dimensionality reduction of the activity patterns 
from a high multi-dimensional space to a lower dimensional space. The LDA classifier 
finds the optimal plane on which the data from the different categories have maximum 
separation, and projects it to that lower-dimensional plane. The decision boundary is 
defined on that plane where the classes are highly separated (Figure 1.12). The classifier is 
then tested on independent data, and it predicts the likelihood of the classes that the test 
data belong to (McLachlan, 2004).  
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Figure 1.12 Linear classifiers (SVM and LDA)  
A representation of how two types of linear classifiers classify the same data. A linear support vector 
machine classifier tries to find the optimal decision boundary that maximizes the distance between the 
two support vectors. The classifier then predicts the label of the tested data depending on its location 
from the decision boundary. A Linear discriminant analysis classifier projects the data to a lower 
dimensional plane which gives maximum separability between the two categories. The label of the 
tested data is predicted by projecting it to the lower dimensional plane, and estimating the maximum 
likelihood of the category that it belongs to.  

Limitations of pattern classification techniques 

Pattern classification looks at how distinct the different patterns are from each 
other, and it doesn’t tell us much about the similarity between the representation of 
different exemplars in the multi-dimensional representational space. Another downside in 
pattern classification is that a classifier needs to be trained and tested on the same subject. 
This is a limitation as it prevents us from addressing interesting questions. For instance, if 
we want to investigate whether a special population (e.g., early blind) processes auditory 
motion in the same way as the sighted processes visual motion information, hypothetically 
one could train a decoder in the sighted individuals and then test it on blind individuals. 
However, this is not recommended nor ideal in practice. When training a classifier on one 
subject and testing it on another subject, we cannot assume that a certain voxel is identical 
across individuals. We cannot also assume that all voxels elicit the same response leading 
to an identical response profile and representation in a brain region across individuals. This 
is reflected in the higher classification accuracies when the training and testing of the 
classifier occur in the same subject rather than training and testing in different subjects 
(Haxby et al., 2011). Indeed, across-subject classification can be significantly above chance 
(van den Hurk et al., 2017), However, the significant classification most likely stems from a 
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large-scale organization (Downing et al., 2006) rather than a fine-grained activation pattern. 
New techniques are being introduced to overcome this limitation. A recent technique, 
known as hyperalignment, was introduced recently where the patterns are transformed from 
a native voxel subject space to a higher dimensional common space. The transformation of 
patterns from a subject space to a common functional multi-dimensional space across 
individuals allows for across-subject classification with comparable accuracy to that from 
within-subject classification (Haxby et al., 2011, 2014, 2020). 

Representational similarity analysis (RSA) 

RSA investigates the relation between different response patterns in a multi-
dimensional space (Kriegeskorte, Mur, & Bandettini, 2008). RSA offers additional insights 
to those that could be inferred from pattern classification by relying on using a distance 
metric to evaluate the (dis)similarity of the representation of different categories or stimuli. 
The distance metrics could be a correlation, Euclidean, or Mahalanobis distance 
(Kriegeskorte, Mur, & Bandettini, 2008; Walther et al., 2016). Using these metrics, we can 
have a statistical measure of similarity between the representation of different categories 
(Figure 1.13). RSA investigates the representational geometry of the category 
representations and the (dis)similarity relation between the different categories. By looking 
at distance metrics and similarity relations, we transcend the multi-dimensional feature 
(voxels) space. Therefore, RSA allows us to compare representations across brain regions, 
individuals, groups, neuroimaging modalities (as fMRI, MEG, and single cell recordings), 
or even species (Kriegeskorte, Mur, & Bandettini, 2008; Kriegeskorte, Mur, Ruff, et al., 
2008).  

Additionally, RSA allows to test different theories and models regarding how 
information is represented in the brain. For instance, creating models based on low-level 
features of the stimuli as luminance, silhouette, frequency and then comparing which 
models better explains the observed data in a certain brain region. We can also build 
categorical models based on semantic or categorical distinctions or even behavioral 
responses (Bracci & Op de Beeck, 2016; Connolly et al., 2012; Kriegeskorte, Mur, Ruff, et 
al., 2008; Mattioni et al., 2020). Categorical modelling provides a good way to relate 
behavioral perception with multivariate brain representations.  
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Figure 1.13 Representational similarity analysis (RSA). 
RSA looks at the representational geometry of different categories and how (dis)similar they are from 
each other. [a] In this example, we look at the elicited activity pattern for faces and houses in a brain 
region. The distance metric used to measure the dissimilarity between the two patterns in this 
example is correlation (but see also other possible distance metrics (Kriegeskorte, Mur, & Bandettini, 
2008; Walther et al., 2016)). The distance between all category pairs is computed in a dissimilarity 
matrix. [B] for instance in FFA and PPA, the patterns from faces have low dissimilarity, and also 
have high dissimilarity from the patterns from houses. This is expected as these regions are category 
selective, and it is not surprising that the within-category responses are less dissimilar than the 
across-category responses. Oppositely, in the early visual cortex, the dissimilarity between exemplars 
is based on low-level visual features rather than categorical distinctions. [C] The dissimilarity 
between different categories can be extracted from different regions of interest as in early visual 
cortex or the fusiform face areas. For example, FFA has low dissimilarity between face exemplars 
and high dissimilarity with other categories. Another way is to create categorical theoretical models 
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(as the animate-inanimate model or the face-no face model) and correlate these theoretical models 
with neural dissimilarity measures, and find regions that represent information in a way similar to 
that theoretical model. We can also create models reflecting the low-level properties of the stimuli (as 
silhouette, luminance, or color), and use these models to find brain regions that represent low-level 
information in a similar fashion to the theoretical model. Figure is adapted and modified from 
(Kriegeskorte, Mur, & Bandettini, 2008). 

Brain connectivity  

Previously mentioned techniques (both univariate and multivariate methods) 
investigated local information within a certain region. The univariate techniques looked at 
the recruitment of a brain region during performing a task, and the multivariate techniques 
looked at the pattern information within the region. While both of the methods provide 
insight regarding the local information within individual regions, it does not tell us about 
the flow of information between distant brain regions or the connectivity between them. 
The connectivity between regions can be assessed on the structural level by tracking white 
matter fibers between a seed region and target regions (Assaf & Pasternak, 2008; Basser et 
al., 1994; Hagmann et al., 2003), or on the functional level with correlations between 
BOLD signals between different regions. Here we focus on functional connectivity using 
task-based and resting-state methods.  

Task-based functional connectivity  

Psycho-physiological interaction (PPI) is a way to investigate task-based brain 
connectivity and the communication between brain regions during performing a specific 
task (Friston et al., 1997). This technique relies on identifying a seed region of interest, and 
extracting the activity time course from this region. An interaction term (PPI) is then 
created by calculating the element-by-element product of the demeaned time course from 
the seed ROI (physiological term) and the task (psychological) regressor. The different 
regressors are entered in a GLM and the PPI interaction term is estimated. Voxels that show 
a positive PPI effect are more correlated with the seed region during one task over the 
other.  

There are two mainstream ways to perform the PPI analysis. This is due to the 
psychological and physiological factors being sampled at different time resolutions and 
with different offsets. The psychological term is measured in real time while the 
physiological term is measured with a lag and different resolution as we are measuring the 
HRF rather than direct neural responses. It has been suggested that the PPI term should be 
calculated at the same scale for both physiological and psychological terms. The first 
approach is to work on neural responses rather than hemodynamic responses by performing 
a deconvolution of the extracted time series before calculating the PPI term as implemented 
in the SPM software (Gitelman et al., 2003). However, there is no guarantee that the 



Chapter 1: Introduction 
 

59 

 

deconvolved time series results in the real elicited neural responses. Another approach is to 
work in the HRF time scale by convolving the psychological term with the HRF before 
calculating the PPI term as implemented in the FSL software (O’Reilly et al., 2012).  

There are some limitations to PPI analysis. PPI suffers from low statistical power. 
This is due to the interaction term having to some degree a similar time course with the 
physiological and the psychological term as it was created by multiplying the two, and 
therefore cannot be completely independent. Therefore, the estimation of the PPI term is 
likely to be under-powered due to a varying degree of collinearity and similarity with other 
regressors (O’Reilly et al., 2012). Additionally, while PPI provides some correlational 
information between different regions, it does not provide information regarding 
directionality or causality as inferred by other connectivity techniques as granger causality 
or dynamic causal modelling (Friston et al., 2003; Granger, 1969). 

Resting state functional connectivity 

Resting state functional connectivity is based on functional correlations. Biswal et 
al. (1995) demonstrated that the extracted BOLD signal time series from the motor cortex 
correlated with the contralateral motor cortex and other areas involved in motor functions. 
The raw BOLD signal is highly affected by many sources of noise. For instance, head 
motion can have a strong effect on resting state connectivity results even after the classical 
motion correction procedures like spatial realignment of brain volumes (Power et al., 2012; 
Satterthwaite et al., 2012; Van Dijk et al., 2012).Moreover, physiological processes such as 
cardiac pulsation can lead systemic fluctuations in the brain especially near large blood 
vessels (Dagli et al., 1999). Respiration and systemic chest movements can lead to systemic 
changes in the magnetic field and therefore could produce artifactual brain correlations 
(Brosch et al., 2002; Raj et al., 2001). A methodological approach known as “component-
based noise correction” (CompCorr) approach was introduced to account for such artifacts. 
This method uses information from the white matter, and the cerebral spinal fluid (CSF), 
where BOLD signal is not expected, to estimate noise components using principal 
component analysis. Noise components are then regressed out from the data before 
computing correlations between different regions (Behzadi et al., 2007). The functional 
correlation can be measured using an ROI-to-ROI or a seed-to-voxel approach. In the ROI-
to-ROI approach, a pairwise correlation of the BOLD signal is computed between all 
regions which is represented in a connectivity matrix. In the seed-to-voxel approach, the 
signal from the seed region is extracted and correlated with the signal from each voxel in 
the brain resulting in a whole brain functional connectivity map. The correlation values are 
then compared to zero, or between groups in the case of multiple groups. These results 
would give us an indication of the connectivity or the correlation between different brain 
regions in different brain networks.  
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To understand the functional role of hMT+/V5 in processing motion information, 
we investigated the task-based connectivity of hMT+/V5 when processing motion 
information using PPI in chapter 2 and 3. In chapter 4, we investigated the connectivity 
profile of hMT+/V5 with the visual, the auditory, and the tactile sensory networks using 
resting-state functional connectivity. 
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Summary 

The aim of the present thesis is to investigate the organization and the 
development of the visual motion system, with an emphasis on the visual motion area 
hMT+/V5. We aimed to investigate three main questions: 

[1] Is there a unimodal, or multi-modal, or abstracted representation of motion 
direction information in hMT+/V5?  

[2] How does early and brief visual deprivation impact the processing of visual 
motion information within the visual motion network?  

[3] Does the blindness onset impact the resting-state connectivity architecture of 
hMT+/V5 within the visual motion network and with other sensory networks? 
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The human occipito-temporal region hMT+/V5 is well known for processing 
visual motion direction. Here, we demonstrate that hMT+/V5 also represents the direction 
of auditory motion in a format partially aligned with the one used to code visual motion. 
We show that auditory and visual motion directions can be reliably decoded in individually 
localized hMT+/V5 and that motion directions in one modality can be predicted from the 
activity patterns elicited by the other modality. Despite shared motion-direction information 
across the senses, vision and audition, however, overall produce opposite voxel-wise 
responses in hMT+/V5. Our results reveal a multifaced representation of multisensory 
motion signals in hMT+/V5 and have broader implications for our understanding of how 
we consider the division of sensory labor between brain regions dedicated to a specific 
perceptual function. 
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Chapter 2 

Shared representation of visual and 
auditory motion directions in the human 

middle-temporal cortex 

 

Introduction 

In primates, the visual cortex evolved a region in the middle-temporal cortex (MT) 
that is highly specialized to process visual motion (Baker et al., 1981; Zeki, 1974, 1980). 
One hallmark organizational feature of this region, first disclosed using 
electrophysiological recording in animals, is the presence of cortical columns that are 
preferentially tuned to a specific direction/axis of visual motion (Albright et al., 1984a). 
Motion preference (Zeki et al., 1991) and directional selectivity (Tootell, Reppas, Dale, et 
al., 1995; Zimmermann et al., 2011) was also probed using functional Magnetic Resonance 
Imaging (fMRI) in the human homologue of MT (hereafter hMT+/V5). These studies 
promoted hMT+/V5 as one cornerstone region in the visual system showing reliable 
functional preference for processing visual motion direction.  

 Is hMT+/V5 uniquely visual? It was recently suggested that hMT+/V5 
might also be involved in processing motion information from non-visual modalities 
(Dormal et al., 2016; Hagen et al., 2002; Poirier et al., 2005; Ricciardi et al., 2007; Van 
Kemenade et al., 2014; Wacker et al., 2011). If true, this has major implication on how we 
classically consider the division of sensory labor between brain regions dedicated to a 
specific perceptual or cognitive function (Calvert & Thesen, 2004; Schroeder & Foxe, 
2005). This would suggest that regions typically considered as purely unisensory may in 
fact show some level of abstraction by implementing canonical perceptual computations 
across the senses (Driver & Spence, 2000; Pascual-Leone & Hamilton, 2001; Ricciardi et 
al., 2013). However, the idea that hMT+/V5 involves in motion processing other than for 
vision remains controversial and has notably been challenged by studies suggesting that the 
overlap between brain activity elicited by visual and non-visual motion is an artifactual 
byproduct of smoothing fMRI activity maps or by using group-level rather than 
individually-defined hMT+/V5 (Beauchamp et al., 2007; Chaplin et al., 2018; Dormal et 
al., 2016; Jiang et al., 2014, 2015; Poirier et al., 2005; Ricciardi et al., 2007; Saenz et al., 
2008; Van Kemenade et al., 2014).  

Unlike univariate techniques, multivariate pattern analyses (MVPA) were able to 
dissociate information about visual motion direction in hMT+/V5 (Beckett et al., 2012; 
Kamitani & Tong, 2006). Interestingly, planes of auditory motion were successfully 
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decoded in hMT+/V5 (Battal et al., 2018; Dormal et al., 2016). Although these results 
suggest that auditory motion information may be represented in hMT+/V5, whether the 
representation of motion direction is similar across sensory modalities remains unsolved. In 
other words, the idea that hMT+/V5 can share an abstracted representation of directional 
motion across the senses has never been tested. In this context, MVPA and in particular 
cross-modal classification methods represent an appealing application of machine learning 
to operationalize the presence of abstracted brain representations (Kaplan et al., 2015). The 
goal of this study was to use fMRI to characterize the representation of visual and auditory 
motion in individually-defined hMT+/V5.  

Methods 

Participants  

Twenty-four individuals participated in the experiment (12 males, mean age ± 
SD= 27.68 ± 5.11 years, age range= 20 - 41 years). All participants were right-handed and 
had normal or corrected-to-normal vision, and self-reported normal audition. Participants 
had no reported history of psychiatric or neurological problems. One subject was excluded 
from the analysis due to excessive head motion and very low behavioral performance in 
discriminating visual and auditory motion directions during fMRI acquisition suggesting no 
attention to the task. All participants were naive to the purpose of the experiment. The 
protocol was approved by the research ethics committee in University of Trento and the 
Center for Mind/Brain Sciences (CIMeC). A written consent was acquired from all 
participants. Participants were monetarily compensated for their participation. 

Training 

Prior to testing, participants underwent a two-parts training session.  First, the 
participants were trained in MRI-like conditions for the auditory motion direction 
discrimination task to get familiarized with the procedure and to ensure the best sound 
perception inside the scanner. Participants were asked to lie down during the training 
session to get familiarized with the space shift of the motion sound when they are in the 
scanner. They were trained using in-ear-plugs under the headphones while loud fMRI 
acquisition noise was played from a speaker behind their head. The training for the auditory 
motion direction discrimination task in the decoding experiment lasted for a maximum of 
30 minutes or until the participants performed two complete training runs without any 
mistakes. Each training run had 8 blocks with 4 auditory motion directions and 2 repetitions 
per direction. The percentage of correct responses and feedback was provided at the end of 
each run. Training for visual motion direction discrimination with 100% coherence in MRI-
like conditions was not necessary due to the easiness of the task (all participants reach 
ceiling effect without training). After the auditory training in MRI-like conditions was over, 
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the participants performed a 1-run training session containing both visual and auditory 
blocks (2 modalities x 4 directions x 1 repetition) while sitting in front of the computer with 
MRI noise played in the background.  

Experimental design 

Stimuli 

Visual Stimuli: Visual stimuli were projected on a screen (frame rate: 60 Hz; 
screen resolution: 1024 x 768 pixels; mean luminance: 109 cd/m2) behind the scanner via 
an EMP 7900 Epson projector. Participants viewed the screen (distance from head= 134 
cm) through a mirror mounted on the MRI head coil. Participants performed a task in each 
experiment by responding with a Lumina MR-compatible response button. Visual stimuli 
consisted of random dot kinematograms (RDK) within an invisible circular aperture of 8 
visual degrees centered around a white fixation cross. Each visual event was composed of 
300 white dots (diameter= 0.1°) on a black background. Motion dots had a speed of 4°/s 
and a limited dot lifetime of 200 ms. The use of the limited lifetime ensures that motion 
direction discrimination could be achieved by relying on the global motion perception 
rather than focusing on a single dot (Bex et al., 2003). Dots moved in one of four possible 
motion directions [upward, downward, rightward, and leftward] with 100% coherence level 
(Figure 2.4A). Each visual motion event lasted 1.2 s. In the visual static condition, each 
static event had RDKs of 300 dots that remained static. The location of the dots was 
randomized in each event.  

Auditory Stimuli: To provide an externalized and ecological sensation of 
auditory motion and accurate motion localization in the MRI, we recorded the auditory 
stimuli using in-ear binaural microphones (Møller, 1992) in a semi-anechoic room for each 
subject individually prior to the scanning session (Zoom H4n digital wave recorder – 200 
m, with microphones Master Series - Sound Professionals-TFB-2). Participants were 
positioned at the center of the sound setup with their head on a chin-rest, facing one vertical 
and one horizontal semi-circular sound bar of 31 speakers each. The sound bars had a 
radius of 1.1m and provided a fixed distance (1.1m) between each speaker and the 
participant’s head (Figure 2.4B). The position of the horizontal bar was at the same level of 
the subject’s ear level, and the position of the vertical bar was at the participant’s mid-
sagittal plane. Pink noise (duration 1.2 s, fade in/out of 50 ms each) was divided in 31 equal 
segments and was replayed sequentially in the 31 corresponding speakers, to create smooth 
sensation of motion (no gap or overlap between the different segments). The sound’s level 
was constant at 65 dB from the subject’s head position. Four translational motion directions 
were recorded [upward, downward, rightward, and leftward]. Motion speed was 2 m/s and 
covered 120° of the subject’s peripheral space. For the target detection task, similar motion 
stimuli with faster speed (4 m/s) and shorter duration (0.6 s) were recorded. An additional 
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static condition was recorded at the central speaker, located at the intersection of the 
horizontal and vertical planes of the sound bars. Static events had a duration of 1.2 s for the 
normal event, and 0.6 s for the target event. The recordings from each participant were re-
played inside the MRI scanner for the auditory motion localizer and the directional motion 
decoding experiment. By using such sound system and in-ear recording in each subject, the 
auditory stimuli are convolved with each individuals’ own pinna and head related transfer 
function producing a vivid auditory perception of the external space.  

Visual motion localizer 

We implemented a traditional visual motion localizer to localize hMT+/V5 both at 
the group-level and in each subject individually (Huk et al., 2002). Visual motion and static 
conditions were generated using white random dot kinematograms (RDK) on a black 
background. Since the visual stimuli were presented at fixation, our localizer defines the 
whole hMT+/V5 complex including both MT and MST (Huk et al., 2002). We used dots 
moving in one of four possible translational motion directions [upward, downward, 
rightward, and leftward]. The visual motion localizer started with an initial 5 s of blank 
screen and ended with 13 s of blank screen. The run had 6 blocks of motion and static 
conditions. Blocks were separated by each other with an inter-block interval (IBI) of 8 s. 
Each block (~15.6 s) had 12 stimuli of 1.2 s each, and an inter-stimulus interval (ISI) of 0.1 
s. Each motion block had 3 repetitions of the 4 motion directions. The order in which the 
motion directions were presented was randomized in each block and balanced across the 
different motion blocks. In the static condition, the location of the dots was randomized for 
each event (inducing 12 changes within one block). The fixation cross was presented during 
the whole duration of the visual localizer. To minimize eye movements and saccadic shifts 
(Corbetta et al., 1998; Petit & Haxby, 1999b), the participants were asked to detect a brief 
change (150 ms) in the fixation cross color. The number of targets (range: 0-2 in each 
block) was randomized and balanced across conditions. The participants performed the task 
while the fMRI data were acquired with an accuracy (mean ± SD) of 98.62% ± 2.36%.  

Auditory motion localizer 

A localizer was implemented to define regions responding preferentially to 
auditory motion sounds. Previous studies demonstrated that regions within the middle 
temporal cortex and PT are selectively recruited during auditory motion processing 
compared with static sounds (Alink et al., 2012; Griffiths & Green, 1999; Poirier et al., 
2005; Saenz et al., 2008; von Saldern & Noppeney, 2013; Warren et al., 2002). We used an 
experimental design matching the one implemented for the visual motion localizer. The 
participants were blindfolded during the auditory motion localizer. The run started with an 
initial 5 s of silence and ended with 11 s of silence. The localizer run had 13 blocks of 
auditory motion and 13 blocks of auditory static conditions. Auditory blocks were 
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separated by an interval of 6 s. Each block had 12 events of 1.2 s, and an ISI of 0.1 s. In the 
motion blocks, auditory motion stimuli were presented in one of four directions [upward, 
downward, rightward, leftward] (Figure S2.2). Each motion block had 3 repetitions of each 
motion directions. The presentation order of the different auditory motion directions within 
each block was randomized and balanced across blocks. The static blocks had 12 stimuli of 
static events separated by the 0.1 s inter-trial interval. Participants were asked to detect 
target events that were faster in speed and shorter in duration (0.6 s; (Dormal et al., 2016). 
The number of targets ranged between 1 and 3 targets in each block and was balanced 
across conditions. The duration of each block varied depending on the number of targets 
present (range 14.4 - 15.6 s). Auditory stimuli were delivered through a SereneSound MR-
compatible in-ear headphones inside the scanner. The participants performed the task while 
the fMRI data were acquired with an accuracy (mean ± SD) of 86.96% ± 14.71%.   

Directional motion decoding experiment 

The directional motion decoding experiment was composed of 12 runs, each run 
comprising 8 motion blocks (4 directions x 2 modalities). Each motion block had either 
visual or auditory stimuli moving in one of four possible directions [upward, downward, 
rightward, or leftward]. Each run started with an initial 5 s of blank screen and ended with 
11 s of blank black screen. Each block had 10 events of a 1.2 s, all moving in the same 
direction. Events were separated by a 100 ms inter-trial interval resulting in a block 
duration of 13 s. To ensure fixation and to minimize eye movements during the motion 
blocks, the participants were asked to press a button whenever the fixation cross changed 
color (duration= 150ms). Performing a visual detection task during motion processing also 
decreases the possibility of visual imagery (Johnson, 1982; Schorr et al., 1978). Following 
each block, there was a response collection period of 5 s where the participants heard a 
voice saying “up”, “down”, “right”, and “left” in a pseudo-randomized order. The 
participants were instructed to press a button with their index finger when they heard the 
cue that matched the block’s motion direction in vision or in audition. The number and the 
order of the correct button presses were counterbalanced across the different conditions. 
The task was identical during the visual and the auditory motion blocks in the directional 
motion decoding experiment. After the response collection, there was a silent inter-block 
interval of 6 seconds. The order of the blocks was randomized for the motion direction and 
the presented modality in each run (Figure 2.4C). 

MRI acquisition 

Structural and functional data were acquired at the Center for Mind/Brain Sciences 
(CIMeC - University of Trento, Italy) using a Bruker MedSpec BioSpin 4-Tesla MR 
scanner with a standard eight-channel head coil. A whole-brain structural scan was acquired 
with a high-resolution T1-weighted MPRAGE sequence (176 sagittal slices, repetition time 
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(TR)= 2700 ms, echo time= 4.18 ms, voxel size= 1 x 1 x 1 mm, flip angle= 7°, field of 
view= 256 x 224 mm).  

Functional data were acquired with a T2* weighted gradient echo-planar imaging 
sequence (EPI). A total of 39 slices were acquired in an ascending interleaved order. 
Acquisition parameters included a TR of 2500 ms, echo time of 26 ms, flip angle= 73°, 
field of view= 192 x 117 mm, gap= 0.3 mm, and voxel size of 3 x 3 x 3 mm. The number of 
volumes acquired in the visual motion localizer and the auditory motion localizer were 126 
and 235 volumes, respectively. For the directional motion decoding experiment, 1068 
functional volumes were acquired (89 volumes x 12 runs). The first four initial scans of 
each run were discarded to allow for equilibrium magnetization. To apply distortion 
correction to the acquired functional images, point spread function (PSF) runs were 
acquired (Zaitsev et al., 2004) before every three consecutive runs. Participants entered the 
scanner blindfolded for the MPRAGE and the auditory motion localizer. The blindfold was 
removed afterwards for the visual motion localizer and the directional motion decoding 
experiment.  

  fMRI preprocessing  

fMRI data were preprocessed in statistical parametric mapping (SPM8 – 
Wellcome Department of Imaging Neuroscience, University College London, UK) 
implemented in Matlab R2012b (Mathworks, Inc.). Preprocessing steps included slice time 
correction, EPI alignment to the mean functional image with a 2nd degree B-spline 
interpolation, coregistration of the functional volumes to the structural image and 
normalization to the Montreal Neurological Institute (MNI) template using a resampling of 
the structural and functional data to an isotropic 2 mm resolution.  

Eye tracker experiment  

To investigate whether different auditory motion directions elicited systemic eye 
movement patterns, we tested 7 participants in an eye tracking experiment outside the fMRI 
scanner. We used an Eyelink 1000 eye tracker (SR Research, Mississauga, Canada) to 
record the gaze location. The eye tracker had a sampling rate of 1000 Hz, and gaze tracking 
range of 32° angle horizontally and 25° angle vertically. The eye tracker was calibrated 
using a built-in 9-point protocol. The participants performed 8 runs of the same experiment 
that was done inside the scanner for the auditory modality and performed the same task. We 
tested in each participant if the eye position was different when perceiving different 
auditory motion directions. First, we performed a within-subject per-timepoint analysis 
where we compared the gaze location in the horizontal and vertical plane at each timepoint 
(1 millisecond resolution) of the auditory motion blocks. Since the analysis was done 
within-subject, the variance of the gaze location for each motion direction was estimated 
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from the different runs. Additionally, we performed a within-subject analysis where we 
averaged the gaze position across time in each run for the horizontal and the vertical plane 
for each motion direction (See Figure S2.4A and S2.4B for the results). 

Behavioral Analysis  

The behavioral accuracy for discriminating the different motion directions in the 
directional motion decoding experiment was assessed using a 2 (modalities) x 4 (directions) 
repeated-measures ANOVA. A Greenhouse–Geisser correction was applied to the 
significance levels and degrees of freedom whenever the assumption of sphericity was 
violated. Further pairwise comparisons were performed and corrected for multiple 
comparisons using Family-wise error (FWE) correction. See Supplementary figure S1 for 
the behavioral data. 

Univariate analysis  

Functional data were spatially smoothed with a 6-mm full-width half-maximum 
(FWHM) smoothing kernel for the univariate analysis. For the visual motion localizer, a 
general linear model (GLM) was fitted for every voxel with the visual motion and the 
visual static conditions as regressors of interest. Each regressor was modeled with a boxcar 
function and convolved with the canonical hemodynamic response function (HRF). The 6 
head motion parameters (3 translation and 3 rotation parameters) were included in the 
model as regressors of no interest. A high-pass filter of 128 s was used to remove low 
frequency signal drifts. The contrast [Motion > Static] was computed for every subject 
individually (Huk et al., 2002; Tootell, Reppas, Kwong, et al., 1995). A standard group-
level analysis was performed. The individual contrasts were further smoothed with a 6-mm 
FWHM kernel and entered into a random effects model for the second-level analysis. A 
one-sample t-test was performed, and group-level statistical inferences were made at a 
voxel-level threshold of p<0.05, FWE-corrected. The group-level analysis revealed 
significant activations in V1, the inferior occipital gyrus, and the middle temporal gyrus 
(hMT+/V5) bilaterally [MNI peak coordinates: -42 -66 2 and 46 -62 6] (Figure 2.1A, table 
S1). 

To define subject-specific ROIs that will be used for the MVPA on a separate 
dataset (directional motion decoding experiment), a lenient threshold of p<0.01 uncorrected 
was used to locate hMT+/V5 bilaterally. The individually-defined hMT+/V5 was identified 
in each subject as the area that responded significantly to motion more than static in the 
occipito-temporal cortex, and was constrained by the anatomical location of hMT+/V5 and 
an Euclidean distance not more than 12 mm away from the group-level hMT+/V5 peak 
coordinate. The peak coordinate of hMT+/V5 in each subject was used to create a 7-mm 
radius sphere to be used as individually-defined ROIs in the multivariate analysis. Out of 
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the 23 participants, the left hMT+/V5 was identified in 21 participants, and the right 
hMT+/V5 was identified in 22 participants (Figure 2.1B and 2.1C, see table S2 for 
hMT+/V5 MNI coordinates in each subject). For each ROI, the participants whose 
individually-defined regions couldn’t be identified were not included in any analysis 
relying on individually-defined ROIs.  

For the auditory motion localizer, the same procedure was applied to defined 
regions that show enhanced recruitment during processing auditory motion compared with 
auditory static stimuli. Previous studies demonstrated that the PT and regions within the 
middle temporal cortex are recruited during auditory motion processing (Krumbholz et al., 
2005; Poirier et al., 2005; Saenz et al., 2008; Warren et al., 2002). PT and MTa were 
defined both at the individual-level as individually-defined ROIs for the MVPA, and at the 
group-level using the same procedure previously described for the visual motion localizer 
experiment. At the group-level, we observed an enhanced recruitment of the planum 
temporale (PT) (MNI peak coordinates: [-46 -30 8] and [62 -34 8]), the superior temporal 
gyri and the middle temporal gyrus (hereafter MTa, MNI coordinates: [-46 -64 6] and [48 -
54 8]) bilaterally (Figure 2.1A, table S1). In addition to the group-level results, the peak 
coordinate for PT and MTa were individually-defined from the contrast [auditory motion > 
auditory static] which was constrained by anatomical location, and less than 12 mm away 
from the group-level PT and MTa peak coordinates. We were able to define bilateral MTa 
and PT in 22 out of the 23 participants (Figure 2.1C, table S2). 

By overlaying the group-level maps from the visual and auditory motion localizer, 
we observed an overlap between the regions processing visual and auditory motion. 
However, regions preferential to auditory motion were more anterior and dorsal than the 
visually-defined hMT+/V5 (Figure 2.1A). 

 Beta parameter estimates 

We used the unsmoothed data from the visual and the auditory motion localizer for 
the extraction of the beta parameter estimates. The use of the unsmoothed data prevents 
spill-over effects that may arise due to the close proximity between the visually-defined 
hMT+/V5 and the auditory-defined MTa. Beta extraction was performed on both 
individually-defined and group-level ROIs (Dormal et al., 2016; Jiang et al., 2014, 2015). 
For every ROI in each subject, we created a sphere of 3-mm radius around the subject-
defined coordinates (and the group-level coordinates) and extracted the mean beta 
parameter estimates. To test if visually-defined hMT+/V5 showed enhanced recruitment 
during auditory motion processing, we extracted the beta parameter estimates from the 
individually-defined and the group-level hMT+/V5 for the auditory motion and static 
conditions in the auditory motion localizer. We implemented a paired-sample t-test to 
compare the beta parameter estimates of the auditory motion and auditory static conditions 
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in hMT+/V5 bilaterally. To test if auditory-defined ROIs (MTa and PT) showed enhanced 
recruitment during visual motion processing, the beta parameter estimates from the 
individually-defined and group-level MTa and PT were extracted for the visual motion and 
visual static conditions in the visual motion localizer. For each ROI in each hemisphere, a 
paired-sample t-test was implemented to compare the beta parameter estimates from the 
visual motion and the visual static condition. Results were corrected for multiple 
comparisons using Bonferroni correction. For illustration purposes only, the beta estimates 
for visual motion and visual static conditions were extracted from the individually and 
group-level defined hMT+/V5 in the visual motion localizer. Similarly, the beta estimates 
for the auditory motion and static conditions were extracted from the individually and 
group-level defined MTa and PT in the auditory motion localizer. These beta estimates 
were not analyzed statistically since there would be clear circularity between the ROI 
definition and beta extraction. 

Functional connectivity analysis (PPI)  

Psychophysiological Interaction (PPI) analysis (Friston et al., 1997; Gitelman et 
al., 2003) identifies voxels in which the activity is more related to the activity in a seed 
region of interest (seed ROI) in a given psychological context. In the present study, PPI 
analyses were performed in order to identify brain regions that were more functionally 
coupled with MTa or hMT+/V5 while processing moving vs. static auditory or visual 
information. The locations of the seed regions were defined from the group-level univariate 
analysis from the visual and auditory motion localizers. In each subject, the time series 
(first eigenvariate) from each seed region was extracted from a sphere (radius=8 mm) 
around the local peak: left hMT+/V5 [-42 -66 2], right hMT+/V5 [46 -62 6], left MTa [-46 -
64 6], and right MTa [48 -54 8]. A first-level GLM analysis was performed in each subject 
where the model included the following regressors: [1] psychological regressor 
[motion>static], [2] the extracted activity from the seed region (physiological regressor), 
[3] and the interaction term (PPI) between the previous two regressors. The PPI term was 
estimated by first deconvolving the BOLD activity to estimate the neuronal response in the 
ROIs (Gitelman et al., 2003), then the interaction term was calculated as the element-wise 
product of the estimated neuronal activity and the psychological regressor. The interaction 
term was further convolved with the canonical HRF. The six motion parameters were 
included in the model as regressors of no interest. After estimating the PPI models for each 
subject, a random effects model was constructed and a one-sample t-test was performed. In 
the second level analysis, we tested for regions that showed enhanced (or decreased) 
coupling with each of the seed regions in the motion condition compared with the static 
condition in each of the visual and auditory motion localizers separately.  
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Multivariate pattern analysis (MVPA)  

ROI definition for MVPA 

Group-level ROIs: Group-level hMT+/V5 was defined by creating a 7mm sphere 
(179 voxels of 2 mm isotropic resolution- resampled voxels) around the peak coordinates 
from the contrast [ visual motion > visual static] obtained from the group-level univariate 
analysis in the visual motion localizer. MTa and PT were defined from the peak coordinates 
from the contrast [ auditory motion > auditory static] obtained from the group-level 
univariate analysis in the auditory motion localizer. The group-level ROIs were used only 
in the motion versus static decoding in experiment 1. Group-level ROIs were not used in 
the motion direction decoding in experiment 2.  

Individually-defined ROIs: hMT+/V5 was defined in each subject by creating a 
7mm sphere (179 voxels of 2 mm isotropic resolution- resampled voxels) around the peak 
coordinates from the first-level (individual) contrast [ visual motion > visual static] 
obtained from the univariate analysis of the visual motion localizer. Similarly, MTa and PT 
was defined in each subject by creating a 7mm sphere around the peak coordinates from the 
first-level contrast [ auditory motion > auditory static] obtained from the univariate analysis 
in the auditory motion localizer. 

Experiment 1 (visual and auditory motion localizer) 

Motion versus static decoding 

For the visual and the auditory motion localizer separately, the preprocessing steps 
were similar to the ones implemented in the univariate analysis without applying smoothing 
to the functional data. A general linear model (GLM) analysis was performed to estimate 
the BOLD signal for every voxel. The GLM included a separate regressor for each motion 
and static block. The six head motion parameters (translation and rotation) were included in 
the model as regressors of no interest. A t-map was estimated for each motion and static 
block using the contrast [motion > baseline] and [static > baseline] respectively. The t-maps 
were used for further MVPA. 

Multivariate analysis was performed using CoSMoMVPA 
(http://www.cosmomvpa.org; (Oosterhof et al., 2016) implemented in Matlab. 
Classification was performed using support vector machine (SVM) classifier as 
implemented in LIBSVM (Chang & Lin, 2011). To test if the representation of the motion 
condition was different from the representation of the static condition, a [motion vs static] 
decoding analysis was implemented in the group-level and the individually-defined ROIs 
(hMT+/V5, MTa, and PT bilaterally). Before running the decoding analysis in each ROI, 
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the patterns of each block and each condition (motion and static) was demeaned 
individually to minimize the univariate activation level differences and to mathematically 
equate the mean activity of each condition and each block. For each localizer, a linear SVM 
classifier (C parameter= 1) was trained and tested to discriminate the motion and the static 
blocks in each subject individually. A leave-one block out cross-validation scheme was 
implemented. In each cross-validation fold, the training data (5 blocks per condition for the 
visual motion localizer, 12 blocks per condition for the auditory localizer) were normalized 
(z-scored) across conditions and the classifier was trained to discriminate the motion and 
static conditions. An ANOVA-based feature selection was implemented on the training data 
in each cross-validation fold to identify the most informative 150 voxels. The normalization 
parameters from the training data were applied to the test data, and the performance of the 
SVM classifier was evaluated on the test data (1 block). The previous step was repeated n 
times (n=6 for the visual motion localizer, n=13 for the auditory motion localizer) where in 
each fold the classifier was tested on a different block. A single classification accuracy was 
obtained by averaging the classification accuracies for all the cross-validation folds. If the 
classifier could successfully discriminate the two conditions above chance (50%), this 
would indicate the presence of motion information in the tested modality that the classifier 
was able to learn during the training. No statistical analysis or inferences were made for the 
[visual motion versus visual static] decoding in hMT+/V5 to avoid circularity as this region 
was defined from the univariate analysis by contrasting visual motion vs visual static. 
Similarly, no statistical analysis was performed for the [auditory motion vs auditory static] 
decoding in MTa and PT for the same reason.  

Statistical significance of the classification results was assessed using a non-
parametric technique by combining permutations and bootstrapping (Stelzer et al., 2013). 
For each subject, the labels of the different conditions (motion and static) were permuted, 
and the same decoding analysis was performed. The previous step was repeated 100 times 
for each subject. A bootstrap procedure was applied in order to obtain a group-level null 
distribution that was representative of the whole group. From each subject’s null 
distribution, one value was randomly chosen (with replacement) and averaged across all 
participants. This step was repeated 100,000 times resulting in a group-level null 
distribution of 100,000 values. The statistical significance of the MVPA results was 
estimated by comparing the observed result to the group-level null distribution. This was 
done by calculating the proportion of observations in the null distribution that had a 
classification accuracy higher than the one obtained in the real test. To account for the 
multiple comparisons, all p-values were corrected using false discovery rate (FDR) 
correction (Benjamini & Hochberg, 1995). 
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Experiment 2 (Directional motion decoding experiment) 

For the directional motion decoding experiment, the preprocessing steps were 
similar to the ones implemented in the univariate analysis except no smoothing was applied 
to the functional data. A general linear model (GLM) analysis was performed to estimate 
the BOLD signal for every voxel. The GLM included a separate regressor for each direction 
in each modality in each run. Each regressor was convolved with the canonical HRF. The 
six head motion parameters (translation and rotation) for each run were included in the 
model as regressors of no interest. An additional regressor of no interest was included in 
each run to remove the effects related to the named directions after each block and the 
participants’ responses. For each run, t-maps were estimated for each motion direction in 
each modality using the contrast [motion direction > baseline]. The t-maps were used for 
further MVPA.  

 Within-modality decoding  

The MVPA was performed using SVM classifier as implemented in LIBSVM 
(Chang & Lin, 2011). To test for the presence of motion direction information, a within-
modality decoding was implemented in each of the individually-defined ROIs (hMT+/V5, 
MTa, and PT bilaterally). For each modality, a linear SVM classifier (C parameter= 1) was 
trained and tested to discriminate the 4 motion directions in each subject individually. A 
leave-one run out cross-validation scheme was implemented. In each cross-validation fold, 
the training data (11 runs) were normalized (z-scored) across conditions and the classifier 
was trained to discriminate the patterns of the 4 motion directions. We implemented an 
ANOVA-based feature selection on the training data in each cross-validation fold to use the 
most informative 150 voxels in each subject and each ROI. The normalization parameters 
from the training data were applied to the test data, and the performance of the SVM 
classifier was evaluated on the test data (1 run). The previous step was repeated 12 times 
(N-fold cross-validation) where in each fold the classifier was tested on a different run. A 
single classification accuracy was obtained by averaging the classification accuracies for all 
the cross-validation folds. If the classifier could successfully discriminate the different 
motion directions above chance (25%), this would indicate the presence of motion direction 
information in the tested modality that the classifier was able to learn during the training. 
Statistical significance was assessed non-parametrically as previously described (Stelzer et 
al., 2013) in the motion versus static decoding section. To account for the multiple 
comparisons, all p-values were corrected using false discovery rate (FDR) correction 
(Benjamini & Hochberg, 1995). 

In addition to the 4-way multi-class decoding, we performed a within-axis, and 
axis of motion direction decoding. In the within-axis binary decoding, we tried to 
discriminate motion patterns from the opposite directions within the same axis (upward vs 
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downward, and rightward vs leftward motion). In the axis of motion decoding, we tried to 
discriminate the horizontal and vertical axes of motion by treating rightward and leftward 
motion as horizontal motion, and upward and downward motion as vertical motion (chance 
level= 50%). The analysis procedure was identical to one described in the multi-class 
decoding.  

Cross-modal decoding  

To test whether there was shared motion direction information between the visual 
and auditory modalities, cross-modal classification was performed in regions that could 
successfully decode motion directions in both the visual and auditory modalities. Before the 
cross-modal decoding analysis in each ROI, the patterns of each direction in each modality 
were demeaned individually to mathematically equate the mean activity of the visual and 
the auditory modalities. The SVM classifier was trained on one modality (e.g. vision) and 
tested on the other modality (e.g. audition), and vice versa. This resulted in a cross-
validation scheme of 24 folds. In every cross-validation fold, the classifier was trained on 
N-1 runs (11 runs) from one modality and tested on 1 run from the other modality. An 
ANOVA-based feature selection was implemented on the training data in each cross-
validation fold to use the most informative 150 voxels. The cross-modal decoding accuracy 
was obtained by averaging the classifications of all the cross-validation folds. Successful 
classification above the chance level (25%) would suggest the presence of shared motion 
direction information across the different modalities. Statistical significance was assessed 
non-parametrically as previously described (Stelzer et al., 2013).  

In addition to the cross-modal decoding in the ROIs, we implemented a whole-
brain searchlight approach (Kriegeskorte et al., 2006) to test the regional specificity at the 
whole-brain level of the shared motion direction information across different modalities. A 
sphere of 3-voxels radius moved across the whole brain, where in each step, each voxel 
became the center of the searchlight sphere. Within each sphere, cross-modal decoding was 
implemented in the same manner described in the ROI analysis. The searchlight analysis 
results in a whole brain cross-modal decoding accuracy map for each subject. The 
individual accuracy maps were smoothed with 6 mm FWHM smoothing kernel and entered 
in a second-level model. A one-sample t-test was performed to test if the cross-modal 
decoding accuracy was above the chance level (25%). Statistical maps were corrected using 
a SVC of 10-mm radius at the location of hMT+/V5 that was defined independently from 
the visual motion localizer. 

Previous studies suggested that MT in the macaques and hMT+/V5 in humans 
have an axis-of-motion organization (Albright, 1984; Albright et al., 1984a; Zimmermann 
et al., 2011). To test if the representation of auditory motion shows a similar axis-of-motion 
organization to the one in vision, we performed the same ROI decoding and searchlight 
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analysis to test if we can classify the horizontal and the vertical axes (chance level is 50%) 
in each of the visual and the auditory modality. We aggregated the rightward and leftward 
motion conditions to the horizontal axis, and the upward and downward motion to the 
vertical axis. In the ROI cross-modal decoding analysis, first we identified regions where 
we could classify the different axes of motion in both the visual and auditory modality. 
Then an SVM classifier was trained to discriminate the patterns from the horizontal and the 
vertical axes from one modality (vision) and tested on the other modality (audition), and 
vice versa. Additionally, the same analysis was done across the whole brain using a whole-
brain searchlight approach (Kriegeskorte et al., 2006).  

Modality decoding   

To test whether the representation of motion directions across the visual and 
auditory modalities could be differentiated based on their activity patterns in each of the 
motion responsive areas, each motion direction pattern in each modality was demeaned 
separately to equate the mean activity of the visual and auditory modalities. For each 
direction separately, an SVM classifier was trained and tested to discriminate the two 
modalities (chance level=50%), and a decoding accuracy was obtained. The overall 
modality decoding accuracy was then obtained by averaging the results from the four 
directions. The decoding procedure and the non-parametric significance testing (Stelzer et 
al., 2013) were identical to the previously described ROI decoding analysis.  

Representational similarity analysis (RSA)  

Using representational similarity analysis (RSA) (Kriegeskorte, Mur, & 
Bandettini, 2008; Kriegeskorte, Mur, Ruff, et al., 2008), we further investigated the 
differences in the representational geometry of the four motion directions within and across 
modalities. The advantage of using RSA is that it captures the (dis)similarity structure 
between different categories (e.g. motion directions in this experiment) and different 
modalities (Kriegeskorte, Mur, & Bandettini, 2008). While cross-modal decoding analysis 
highlights the presence of common/shared information across modalities, it doesn’t inform 
us about how (dis)similar the patterns are across directions and across modalities. 
Additionally, by using RSA we can construct different theoretical computational models 
and test which model best explains our observed data. By constructing a neural 
dissimilarity matrix from our fMRI data, we obtained an estimate of the (dis)similarity 
between the elicited patterns from the different motion directions and the different 
modalities in the right hMT+/V5. Pearson’s correlation was used as a measure of 
dissimilarity (1- Pearson’s correlation) resulting in an 8 x 8 dissimilarity matrix in each 
subject. To investigate the multi-modal or the modality-abstracted nature of hMT/V5, we 
created multiple theoretical models in the form of DSMs ranging from a pure modality-
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invariant model to a pure multi-modal model with intermediate gradients in between them, 
and two unimodal (visual and auditory) models  (Zabicki et al., 2017).  

Theoretical models: In the modality-invariant model, the dissimilarity between the 
same motion direction across the different modalities were set to zero (hence, motion 
direction processing is abstracted from the input modality), and the dissimilarity between 
different motion directions was set to 1 regardless of the modality. Diagonal values were 
set to 0. On the other hand, the multi-modal model suggests that while motion directions 
within one modality are different from each other, they are more dissimilar than motion 
directions from other modalities. In the multi-modal model, the dissimilarity between the 
different motion directions within the same modality was set to 0.5, while the dissimilarity 
to motion directions from the different modality was set to 1. Diagonal values were set to 0.  

In the intermediate models, we created a gradient from the modality-invariant to 
the multi-modal model. The dissimilarity between directions within the same modality was 
set to 0.5. The dissimilarity between the different directions across modalities was set to 1. 
While for the dissimilarity between the same directions across modalities were set to a 
gradient of values ranging from 0.1 to 0.9 with steps of 0.2.  

In the unimodal visual and auditory models, the dissimilarity between the different 
motion directions within the dominant unimodal modality was set to 0.5. The dissimilarity 
between the different motion directions within the other non-dominant modality was set to 
1 as this model assumes that there is no motion direction information in the non-dominant 
modality. The dissimilarity between the different directions across modalities was set to 1. 

We correlated the neural DSM from the right hMT+/V5 with each of the 
theoretical models (Figure 2.5B). If hMT+/V5 is a multi-modal region, we would expect to 
see a low correlation with the modality-invariant model and a gradual increase in 
correlation as we progress in the direction of the multi-modal model. Oppositely, if 
hMT+/V5 is a supramodal region, we would expect to see a low correlation with the multi-
modal model, and a gradual increase in correlation as we progress towards the modality-
invariant model. If hMT+/V5 is a unimodal region, we would expect a higher correlation 
with one of the unimodal models than with the other models. We performed a 2-sided 
Wilcoxon signed rank test to investigate whether there was a difference between the 
correlation values of each two consecutive theoretical models and the neural DSM. Results 
were corrected for multiple comparisons using FWE-correction.  

 Split-half correlation analysis  

In order to have a more in-depth understanding of the similarity between the 
motion directions’ patterns within-modalities and across-modalities, we implemented a 
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split-half correlation analysis (Haxby et al., 2001) in the individually-defined ROIs. We 
first demeaned every pattern for every direction and for every modality separately to equate 
the mean activity of the visual and the auditory modality. For each condition in each 
modality, the t-maps of the odd and even runs were averaged separately resulting in 1 t-map 
per condition for the odd runs, and 1 t-map per condition for the even runs. Using Pearson’s 
correlation as a measure of similarity, we estimated the within-modality split-half 
correlation of the pattern of each motion direction from the odd runs with the pattern of the 
same motion direction from the even runs (within the same modality). The correlations of 
the four directions within the same modality were averaged, resulting in one value which 
was considered to be the estimate of the within-modality split-half correlation. This was 
performed for both the visual and the auditory modalities separately. To estimate the cross-
modal split-half correlation, we correlated the pattern of each motion direction from the odd 
runs in one modality (e.g. visual leftward motion pattern) with the pattern of the same 
motion direction from the even runs in the other modality (e.g. auditory leftward motion 
pattern), and the other way around. The correlation results from the four motion directions, 
and from both conditions ([odd: Vision - even: Audition] and [odd: Audition - even: 
Vision]) were averaged resulting in one value for each participant which was considered to 
be the estimate for the cross-modal split-half correlation (Figure 2.5C). The correlation 
values were Fisher-transformed and tested against zero using a one-sample t-test. Results 
were corrected for multiple comparisons using FWE-correction. To test whether there are 
differences in the correlation values across the three different conditions (within-modality 
visual, within-modality auditory, and crossmodal correlation) in each ROI, we implemented 
a repeated-measures ANOVA in each ROI separately. A Greenhouse–Geisser correction 
was applied to the significance levels and degrees of freedom whenever the assumption of 
sphericity was violated. Further pairwise comparisons were performed and corrected for 
multiple comparisons using FWE-correction.  

 Differential pattern correlation  

To investigate how cross-modal decoding was successful in the right hMT+/V5 
despite the negative correlation across modalities, we tested whether the relative relation 
between the different motion directions was similar across modalities. For instance, the 
relation between the pattern of the upward motion direction and that of the other three 
motion directions in vision was similar to that in audition.  First, we demeaned the motion 
direction patterns across the different directions in each modality separately. Based on the 
obtained differential motion direction patterns from the mean, we correlated the differential 
pattern of each motion direction across the two modalities using Pearson’s correlation 
(Figure 2.5E). We obtained four correlation values per subject in the left and the right 
hMT+/V5 which correspond to the four motion directions. The average of the four 
correlation values was used as an estimate of the differential pattern correlation in each 
ROI. Correlation values were Fisher-transformed and tested against zero using a one-
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sample t-test to determine if there is a significant correlation of the differences between 
motion directions across modalities (Figure 2.5E). Results were corrected for multiple 
comparisons using FWE-correction. 

Results 

Experiment 1: Motion Localizers 

We used separate visual and auditory motion localizers to functionally and 
individually define regions that are preferentially recruited during visual and auditory 
motion processing, and their connectivity with other brain regions. Lastly, we used MVPA 
to decode the motion and static conditions in each localizer.  

Visual and auditory motion localizers 

Description of the procedures used to define auditory (planum temporale (PT), and 
MTa) and visual (hMT+/V5) motion-selective regions individually is detailed in the 
methods section. 

Beta parameter estimates in auditory and visual motion selective 
regions 

Beta parameter estimates were extracted from 6 regions of interest (ROIs) 
(bilateral hMT+/V5, MTa, and PT) for the motion and static conditions in the visual and the 
auditory motion localizers. Due to the variability in the anatomical locations of the peak 
coordinates of hMT+/V5 (Dumoulin et al., 2000; Huk et al., 2002) and MTa across 
participants, and the possible illusionary overlap between the visual and auditory 
responsive regions arising from smoothing the functional data or using group-level 
averaging (Jiang et al., 2015), we extracted the beta parameter estimates from the 
individually-defined ROIs using unsmoothed data. The beta parameter extraction was 
performed in both group-level and individually-defined ROIs (Figure 2.1E). The beta 
parameter estimates from the visually-defined ROIs in the visual localizer, and the 
auditory-defined ROIs in the auditory localizer are for illustration purposes only. No 
statistical analyses were performed to avoid circularity as these ROIs were defined from 
contrasting the motion condition versus the static condition in their respective localizers.  
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Figure 2.1 Univariate results from the visual and the auditory motion localizers. 
 [A] The univariate results of the contrast [visual motion > visual static] from the visual motion 
localizer (in warm colors) to functionally define hMT+/V5, and the contrast [auditory motion > 
auditory static] in the auditory motion localizer (in cold colors) to functionally define planum 
temporale (PT) and the auditory motion selective regions in the middle temporal cortex (MTa). The 
overlap between MTa and hMT+/V5 is highlighted in green. Results are FWE-corrected and are 
displayed on an inflated brain [62]. [B] Examples of the individually-defined ROIs in hMT+/V5 and 
MTa from 6 participants. [C] A 3D representation of the MNI coordinates of the individually-defined 
hMT+/V5 (orange), MTa (blue), and PT (black). [D] The overlap of each individually-defined ROI 
across participants. [E] Beta parameter estimates extracted from the group-level and individually-
defined hMT+/V5, MTa, and PT in the visual and the auditory motion localizer. No statistical 
analyses were performed for the beta estimates from hMT+/V5 in the visual motion localizer, nor 
from MTa and PT in the auditory motion localizer (for illustration purposes only). Error bars 
represent the standard error of the mean. See table S1 and S2 for more details. 

In hMT+/V5, we observed a significant difference between the auditory motion 
condition and the auditory static condition in the group-level defined right hMT+/V5 
(p=0.0071), but not in the group-level defined left hMT+/V5 (p=0.1536), nor in the 
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individually-defined left (p=0.1819) or right hMT+/V5 (p=1). For the auditory-defined 
regions (MTa and PT) during visual motion processing in the visual motion localizer, we 
found enhanced recruitment during the visual motion condition in the individually-defined 
left (p= 0.0148) and right MTa (p= 0.0052), and in the group-level right MTa (p= 0.0074). 
In both individually-defined and group-level PT, there was no significant difference 
between the visual motion condition and the visual static condition (p>0.05).  

Functional connectivity analysis 

We ran psychophysiological interactions (PPI) analyses (Gitelman et al., 2003) to 
investigate the connectivity profile of hMT+/V5 and MTa during processing auditory and 
visual motion. In the visual motion localizer, visually-defined hMT+/V5 showed enhanced 
task-based connectivity with the bilateral middle occipito-temporal areas, the lingual gyrus, 
and the primary visual areas. Auditory-defined left MTa showed increased connectivity 
with the cuneus, and the lingual gyrus during visual motion processing (Figure 2.2A). In 
contrast, for the auditory motion localizer, hMT+/V5 did not show any connectivity with 
the primary visual cortex during motion processing (when compared to static). Similarly, 
MTa did not show enhanced connectivity with earlier visual areas, however, it showed 
enhanced task-based connectivity with the superior temporal gyrus and PT (Figure 2.2B, 
table S3).  

 

Figure 2.2 PPI analysis. 
[A] PPI analysis in the visual motion localizer. Regions showing increased task-based functional 
connectivity with bilateral hMT+/V5 and MTa for the contrast (visual motion > visual static) in warm 
colors, and for the contrast (visual static > visual motion) in cold colors. [B] PPI analysis in the 
auditory motion localizer. Regions showing increased task-based functional connectivity with 
bilateral hMT+/V5 and MTa for the contrast (auditory motion > auditory static) in warm colors, and 
for the contrast (auditory static > auditory motion) in cold colors. PPI results are displayed at 
p<0.001, minimum cluster size of 20 voxels. See table S3 for more details. L: left hemisphere, R: right 
hemisphere. See table S3 for the PPI results. 
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Figure 2.3 Motion versus static decoding. 
Decoding moving versus static stimuli from the visual and auditory motion localizers independently 
(chance level= 50%). Statistical analysis for decoding moving versus static sounds was implemented 
only in visually-defined ROIs to avoid any circularity. Similarly, statistical analysis for decoding 
moving versus static visual dots was implemented only in auditorily defined ROIs. Individual points 
represent individual subjects’ data (****p<0.0001) 

Motion versus static decoding 

The univariate analysis revealed a non-significant trend for preferential auditory 
motion processing, when compared to static, in individually-defined hMT+/V5. The lack of 
significant voxel-wise univariate activation does not constitute an evidence for the absence 
of auditory motion information in hMT+/V5. We relied on the higher sensitivity of MVPA 
to try to classify the motion and the static blocks in both the group-level and the 
individually-defined hMT+/V5, MTa, and PT in each motion localizer independently (See 
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methods section for analysis details). No statistical analysis was performed for the [visual 
motion vs visual static] decoding in hMT+/V5 to avoid circularity as this region was 
defined from the univariate analysis by contrasting visual motion vs visual static. Similarly, 
the [auditory motion vs auditory static] decoding was not tested in the auditorily defined 
ROIs (MTa and PT), and the statistical analysis was limited to hMT+/V5. The [auditory 
motion vs auditory static] decoding was significantly above chance (50%) in the group-
level and in the individually-defined bilateral hMT+/V5 (p<0.0001). The [visual motion vs 
visual static] decoding was significant in the group-level and in the individually-defined 
bilateral MTa (p<0.0001), and not significant in PT (Figure 2.3). 

Experiment 2: Directional motion decoding  

The participants discriminated the direction of auditory and visual motion with 
high accuracy inside the scanner (see the supplementary methods S2.1 for the behavioral 
analysis).   

Within-modality decoding  

We tested whether the classification of the four motion directions in the 
individually-defined ROIs (hMT+/V5, MTa, and PT) was above chance level (25%; Figure 
2.4D, table S4). Non-parametric significance testing (FDR-corrected) revealed that in 
vision, motion direction decoding was above chance in the left (p=0.0041) and the right 
hMT+/V5 (p= 0.0048), and in the left MTa (p= 0.0401). In the auditory modality, above 
chance classification was observed in right hMT+/V5 (p=0.0086), left MTa (p=0.0002), 
right MTa (p=0.0004), left PT (p=0.00006), and right PT (p=0.00006).  

Interestingly, within-axis auditory decoding was less reliable than across axes 
auditory decoding in hMT+/V5 (Figure S2.1, 2.4D), which could be in line with the 
previously suggested large-scale axis-of-motion organization in hMT+/V5 (Zimmermann et 
al., 2011). Similarly, multi-dimensional scaling (MDS) (Abdi et al., 2005) showed that 
opposite directions within the same axis were clustered closer to each other when compared 
to motion directions in the different axis (Figure 2.4F).     

Cross-modal decoding 

To test if there was shared motion direction information across modalities in 
regions that contained both visual and auditory motion direction information, we performed 
a cross-modal decoding analysis where the classifier was trained on one modality and tested 
on the other modality (training in vision and testing in audition, and vice-versa; FDR-
corrected). We found significant visual and auditory motion direction information in right 
hMT+/V5 and left MTa, therefore these two regions were considered candidates to 
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potentially contain shared representation of motion direction across modalities. Successful 
cross-modal decoding was observed in the right hMT+/V5 (p=0.0052) but not in left MTa 
(p=0.5432) (Figure 2.4E). In the binary within-modality axes decoding (vertical vs 
horizontal), visual and auditory motion information was found in hMT+/V5 bilaterally. 
When performing cross-modal decoding (Figure 2.4E), shared axis-of-motion direction 
information was again found in the right hMT+/V5 (p=0.0029) and not in the left hMT+/V5 
(p= 0.0966).  

 

Figure 2.4 Directional motion decoding experiment. 
[A] Exemplars from the visual stimuli using random dot kinematograms, and [B] the recorded 
auditory stimuli in 4 translational directions (upward, downward, rightward, and leftward motion). 
[C] Experimental design of the directional motion decoding experiment (1 run). Each run had 8 
motion blocks (2 modalities x 4 directions). The participants performed a motion direction 
discrimination task following each block. The order of the blocks was randomized in each run. [D] 
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Within modality multi-class classification of the 4 motion directions and the binary axis decoding 
(horizontal versus vertical) in the visual and auditory modality in individually-defined hMT+/V5, 
MTa, and PT. [E] Cross-modal decoding in regions that could successfully decode the motion 
directions (and axes) in both the auditory and the visual modality. Chance level (dotted line) is 25% 
for the multi-class direction decoding and 50% for the binary axis decoding. Error bars represent the 
standard error of the mean. Results are FDR-corrected (*p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001). Individual points reflect individual subjects’ results. [F] Multi-dimensional scaling 
was used to visualize the distance between the patterns of the different motion directions in the visual 
and auditory modality using DISTATIS (Abdi et al., 2005). [G] Group-level searchlight analysis of 
the cross-modal axis of motion decoding. Only a region that overlapped with the right hMT+/V5 
showed a successful cross-modal axis of motion decoding. L: left hemisphere, R: right hemisphere. 
See Figure S2.1 for the within-modality within-axis classification, Figure S2.2 for the control analysis 
for the cross-modal decoding, Figure S2.3 for the control analyses for eye movements. See table S4 
for the within-modality decoding results. 

In addition to our ROI approach, we implemented a whole brain cross-modal 
searchlight analysis that revealed a single cluster in the vicinity of the right hMT+/V5 
(p=0.013; corrected using a small volume correction (SVC)) where shared axis of motion 
information was present across modalities. This region overlapped with the posterior 
portion of the group-level visually-defined hMT+/V5 from the visual motion localizer 
(Figure 2.4G). 

Modality decoding 

Significant cross-modal decoding in right hMT+/V5 indicated the presence of 
shared motion direction representation across modalities. It, however, did not mean that the 
activity patterns were identical across the sensory modalities. We reasoned that if a region 
is purely abstracted from the input modality conveying the directional motion information, 
decoding the modality (visual or auditory) of the presented motion stimuli would be 
difficult. The modality decoding was highly significant in all ROIs (p<0.0001; see methods 
section for analysis procedure), suggesting that the neural patterns associated with each 
direction are highly dissimilar across the senses (Figure 2.5A). 

Representational similarity analysis 

To further explore the differences in the representational format of auditory and 
visual motion directions in hMT+/V5, we tested the correlation between the neural 
dissimilarity matrix (DSM) of right hMT+/V5 in each subject with different theoretical 
models that included a pure modality-invariant model, a multimodal model, a series of 
intermediate gradients between them, a unimodal visual model, and a unimodal auditory 
model. The analysis revealed a negative correlation with the modality-invariant model 
(mean r ± SD= -0.3418 ± 0.0209) that increased gradually as the models progressed 
towards the multi-modal model. The model that correlated the most with our data was the 
multi-modal model (mean r ± SD= 0.9897 ± 0.0194), and this correlation was significantly 
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higher than all other models (Figure 2.5B, table S5). The gradual increase in correlation 
from the modality-invariant model to the multi-modal model added extra evidence that the 
representation of different motion directions in right hMT+/V5 was not abstracted from the 
input modality.  

Pattern correlations  

To better understand the relation of the pattern geometries for the different motion 
directions across the senses, we performed a split-half correlation (SHC) analysis (Haxby et 
al., 2001). We observed that the motion direction patterns were positively correlated in the 
odd and even runs in each individual modality (within-modality SHC) in each ROI (Figure 
2.5C; Table S6). Yet, the cross-modal SHC showed a strong negative correlation in left 
(p=1.877 x 10-5) and right hMT+/V5 (p=2.114 x 10-6), no significant correlation in bilateral 
MTa (p>0.05), and a positive correlation in right PT (p=8.945 x 10-4). 

To compare the correlation values across the three different conditions (within 
audition, within vision, and across modalities) in each ROI, a repeated-measure ANOVA 
was implemented. Results showed that the correlation values were significantly different 
(p<0.001) across the three conditions in each ROI. Post-hoc pairwise comparisons revealed 
that in hMT+/V5, the visual SHC was not different from the auditory SHC. The cross-
modal SHC was significantly lower than both the visual and the auditory within-modality 
SHC in both hemispheres and all ROIs (table S6). 
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Figure 2.5 Multivariate analyses from the directional motion decoding experiment. 
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 [A] Modality decoding results in hMT+/V5, MTa, and PT from the directional motion decoding 
experiment (chance level is 50%). [B] Representational similarity analysis in the right hMT+/V5: The 
theoretical models ranged from a modality-invariant model to a multi-modal model, the intermediate 
gradients between them, and the two unimodal visual and auditory models. The neural DSM from the 
right hMT+/V5 showed a gradient increase in correlation with the theoretical models as the models 
progressed towards the multi-modal model and was higher than the unimodal models. The right panel 
shows the average DSM in the right hMT+/V5 across participants. [C] Split-half correlation analysis 
(SHC) measured the correlation between the motion direction patterns in the odd and the even runs in 
the directional motion decoding experiment. The SHC analysis was performed within modality (visual 
modality in orange, and auditory modality in blue) and across-modalities (in green). The left-side 
panel is a graphical illustration of the SHC analysis. The right-side panel shows the results of the 
SHC in the individually-defined ROIs. [D] Single subject example: The visual motion patterns 
(averaged across directions) in the right hMT+/V5 of a representative subject shows a strong 
negative correlation with the auditory motion patterns. On the right panel, the plot shows the activity 
pattern of each motion direction in each modality in the right hMT+/V5 of the same subject. The 
single subject’s raw data are for illustration purposes and are presented without demeaning. The 
Figure illustrates the high correlation between the different directions within each modality, the 
negative correlation between the visual and the auditory motion patterns, and the stronger activation 
of hMT+/V5 for the visual motion stimuli than for the auditory motion stimuli. [E] A graphical 
abstract illustrating the differential pattern correlation analysis. The analysis tested whether the 
relative differences between the different directions were similar across modalities. Note that the 
visual (in orange) and auditory motion patterns (in blue) are negatively correlated. The black line in 
each modality represents the mean pattern across the four directions. In each modality separately, the 
motion direction patterns were demeaned across the different directions. The differential patterns 
from each modality were then correlated with each other. The right panel shows the results of the 
analysis and that the relative differences between the four motion direction patterns were 
significantly correlated across modalities in the right hMT+/V5. Error bars represent the standard 
error of the mean. See table S5 and S6 for the results of the RSA and SHC analysis. 

Differential pattern correlation 

Despite the motion direction patterns being negatively correlated across the two 
modalities in hMT+/V5, cross-modal decoding was successful in the right hMT+/V5 (see 
cross-modal decoding section). While this might appear surprising, we reasoned that a 
successful cross-modal decoding would be possible if the relative relation between the 
patterns of the different motion directions in vision is similar to that in audition. In other 
words, if the representation of the different motion directions in vision is similar to that in 
audition (despite the global negative correlation between vision and audition) we would be 
able to cross-decode motion directions across modalities. We tested this hypothesis by 
calculating the differential pattern from the mean for each motion direction in each modality 
independently. The activity patterns of the different motion directions were demeaned 
across directions in each modality separately, resulting in four differential patterns for the 
four motion directions in each modality. We then tested whether there was a significant 
correlation between the differential patterns of the four-motion direction across the two 
modalities (Figure 2.5E). The differential direction patterns were positively correlated 
(r=0.0827, p= 0.0047, FWE-corrected) only in the right hMT+/V5. These results 
demonstrate that while the motion direction patterns are negatively correlated between 
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vision and audition in the right hMT+/V5 at a global scale (across all directions), the 
relative differences between the directions in each modality are however similar across the 
senses. These findings explain the successful cross-modal decoding in the right hMT+/V5 
despite the global negative correlation between visual and auditory patterns. 

Discussion 

We demonstrate that a region that has long supported the idea of a “modular” 
visual system, hMT+/V5, is not impenetrable to information from the other senses and, in 
contrast, contain representation of auditory motion direction in a format that is partially 
aligned to the brain code this region uses to process the direction of visual motion. The 
presence of shared directional motion information across the senses in the right hMT+/V5 
did not however indicate that motion processing is implemented using a fully abstracted 
response code since responses to visual and auditory motion were highly dissimilar at the 
global level. Our results therefore reveal a multidimensional representation of motion 
signals in hMT+/V5: while vision and audition overall produce opposite voxel-wise 
responses in this region, the relationship between motion directions are however aligned 
across the senses. 

We used separate visual and auditory motion localizers to define, in each subject 
individually, regions that show preferential recruitment for visual and auditory motion 
processing. As expected, hMT+/V5 showed prominent preferential response to visual 
motion (Tootell, Reppas, Kwong, et al., 1995; J. D. G. Watson et al., 1993; Zeki et al., 
1991), while PT showed the most prominent preferential response to auditory motion 
(Battal et al., 2019; Baumgart et al., 1999; Pavani et al., 2002; Poirier et al., 2017; Warren 
et al., 2002). Interestingly, we also found enhanced recruitment for auditory motion 
processing in the middle temporal cortex, in a region anterior to the visually-defined 
hMT+/V5 that we define here as MTa as it was more anterior to hMT+/V5 and responded 
to auditory motion (Figure 2.1C). Earlier human studies already suggested that auditory and 
tactile motion selectively activate a region anterior to the visually-defined hMT+/V5 cluster 
(Beauchamp et al., 2007; Jiang et al., 2015; Poirier et al., 2005; Saenz et al., 2008; Sani et 
al., 2010; Van Kemenade et al., 2014). Similarly, a recent study in the macaque 
demonstrated the presence of selective auditory motion responses in a region in the inferior 
bank of the superior temporal gyrus that was slightly anterior to the visual motion areas 
(Poirier et al., 2017). While we observed a degree of overlap between the visually and the 
auditory motion selective regions in the middle occipito-temporal cortex at the group-level 
(Battal et al., 2018; Poirier et al., 2005; Ricciardi et al., 2007; Van Kemenade et al., 2014), 
we did not observe a selective univariate preference for moving sounds in hMT+/V5 when 
avoiding smoothing and when using individual visual motion selective peaks to extract 
univariate beta parameters (Figure 2.1E), confirming previous univariate results 
(Beauchamp et al., 2007; Jiang et al., 2014, 2015). However, this did not constitute an 
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evidence for the absence of auditory motion information in hMT+/V5 since MVPA 
revealed robust decoding between auditory motion and static conditions in visually-defined 
hMT+/V5, highlighting that hMT+/V5 contained distributed information about the presence 
of motion information in sounds.  

Using MVPA, we investigated the presence of motion direction information across 
the senses in hMT+/V5. We demonstrate that auditory and visual motion directions could 
be reliably decoded in the right hMT+/V5. Moreover, we observed that decoding opposite 
directions within the same axis of motion (up versus down; left versus right) was less 
reliable than decoding across axes of motion in both modalities (horizontal versus vertical). 
These results are reminiscent of animal studies showing that MT has an axis-of-motion 
columnar organization (Albright et al., 1984a; Diogo et al., 2003; Malonek et al., 1994; 
Shmuel & Grinvald, 1996), and high field fMRI studies suggesting a large-scale axis-of-
motion organization in hMT+/V5 in humans (Zimmermann et al., 2011). The multi-
dimensional scaling results clearly demonstrate the axis-of-motion organization for both the 
visual and the auditory modalities, and the shared representation of motion directions 
across modalities (Figure 2.4F). Interestingly, a similar auditory “axis-of-motion” 
organization was recently disclosed in the human Planum Temporale therefore suggesting 
that such representational structure for motion direction is shared across the senses and 
across brain regions (Battal et al., 2019). 

Our cross-modal decoding results not only demonstrate that hMT+/V5 implements 
an axis-of-motion representational structure in both vision and audition, but further 
establish the presence of shared motion direction information across the senses (Figure 
2.4E). Such shared motion direction information across the senses in the right hMT+/V5 
might potentially relate to psychophysical studies showing cross-modal adaptation effects 
for motion directions (Berger & Ehrsson, 2016; Kitagawa & Ichihara, 2002; Konkle et al., 
2009). Previous neuroimaging studies also highlighted the interaction between the visual 
and the auditory modalities in hMT+/V5 during multisensory processing (Alink et al., 
2008; R. Lewis & Noppeney, 2010; Sadaghiani et al., 2009; Scheef et al., 2009). Our 
observation of shared motion direction information between vision and audition in 
hMT+/V5 provide evidence that hMT+/V5 may play a crucial role in providing a common 
representational structure between the two modalities to link auditory and visual motion 
direction information.  

The successful cross-modal decoding in right hMT+V5 did not however indicate 
that the representation of motion direction was fully abstracted from sensory input. A series 
of complementary multivariate analyses demonstrated that the recorded activity in 
hMT+/V5 was highly dissimilar across the senses. For instance, motion direction patterns 
from the visual modality were negatively correlated with those from the auditory modality 
(Figure 2.5C, 2.5D). The negative correlation between the two modalities suggest that there 
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might exist different neural populations with a different level of preference for each 
modality in the voxels of hMT+/V5 and therefore voxels that have a higher density of 
visually responsive neurons have, de facto, a lower density of auditory responsive neurons. 
However, this hypothesis remains to be explored in future studies.  

How does the presence of shared motion direction information across the two 
modalities (as inferred by significant cross-modal decoding) relate to the fact that patterns 
observed in hMT+/V5 in vision and audition negatively correlate? This was explained by 
our findings that, while the motion direction patterns were negatively correlated between 
vision and audition in right hMT+/V5 at a global scale (across all directions), the relation 
between the different motion directions in vision was similar to the one found in audition 
(see MDS, Figure 2.4F and 2.5E). These findings demonstrate that a successful cross-modal 
decoding indicates the presence of shared discriminating information between the different 
directions across modalities, but does not however indicate that the region is immune to the 
sensory input modality. Our results therefore serve as a timely reminder that cross-modal 
decoding is not a proxy for the presence of fully abstracted representations in a brain 
region.  

Interestingly, we observed that motion directions could only be decoded in the 
auditory modality but not with visual stimuli in PT. These results suggest that whereas the 
right hMT+/V5 may contain information about auditory motion directions, the main 
auditory motion selective cluster (PT) does not reciprocally contain information about 
visual motion directions, at least in our dataset. Such difference in the presence of cross-
modal information in regions typically preferring visual or auditory motion signals may 
relate to the fact that vision typically plays a dominant role in discriminating motion 
information (Alink et al., 2008; Berger & Ehrsson, 2016; Charbonneau et al., 2013; Hidaka 
et al., 2011). It may therefore be speculated that the regions typically providing the most 
reliable sensory signal for discriminating motion directions (i.e. vision) are more likely to 
also represents cross-modal signals for integration (Rohe & Noppeney, 2015; Ward et al., 
2000).  

It could be argued that the successful cross-modal decoding that we observed in 
right hMT+/V5 was attributed to the proximity to the MTa region. Our analyses 
demonstrate a clear anatomical and functional distinction between these two regions. The 
individually-defined hMT+/V5 and MTa were non-overlapping in almost all participants 
(Figure S2.2A). Even when excluding the overlapping voxels between the right hMT+/V5 
and the right MTa ROIs, we still replicated the significant cross-modal decoding results in 
the right hMT+/V5 (Figure S2.2B).  

Could the decoded auditory motion direction information in hMT+/V5 be related 
to eye movements? Unfortunately, we couldn’t track the gaze location inside the scanner 
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due to technical reasons. However, we tested additional participants outside the scanner and 
did not find any effect of the auditory motion direction on eye movements (Figure S2.3A, 
S2.3B). Eye movements can also be detected from the MRI signal from the eyes 
(Beauchamp, 2003). We tested whether the signal from the eyes varied across conditions 
and found no evidence for differences in eye movements profiles (Figure S2.3C). We are 
therefore convinced that the auditory moving information found in hMT+/V5 is unlikely to 
be explained by differences in eye movements.  

Imagining visual motion can evoke a selective response in hMT+/V5 (Goebel et 
al., 1998; A. Kaas et al., 2010), and the direction of visual motion can be decoded from 
visual imagery (Emmerling et al., 2016). While the possibility of auditory-induced visual 
imagery cannot be fully excluded, we believe that it is very unlikely. Previous studies 
demonstrating the recruitment of hMT+/V5 during visual imagery of motion needed to train 
the participants on performing a precise mental imagery task (Emmerling et al., 2016; A. 
Kaas et al., 2010), which was not the case in our study. In addition, participants had to 
detect a change in color of the fixation cross during the auditory stimulation block in the 
directional motion decoding experiment, and performing this orthogonal visual task 
interferes with performing visual imagery (Johnson, 1982; Schorr et al., 1978). Maybe even 
more convincing is our functional connectivity analysis (Figure 2.2) revealing that while 
hMT+/V5 showed enhanced connectivity with early visual regions during visual motion 
processing, this was not the case during auditory motion processing, suggesting that 
auditory motion did not re-instantiate the network-level activity triggered by visual motion 
(Wolbers, Klatzky, et al., 2011). Finally, the split-half correlation analysis demonstrated 
that the patterns linked to visual directions were, globally, negatively correlated with the 
patterns evoked by auditory motion (Figure 2.5C). Overall, these results support the notion 
that the information about auditory motion directions in hMT+/V5 was not a simple 
byproduct of visual motion imagery.  

In conclusion, our study demonstrates that the right hMT+/V5, a region typically 
considered as purely sensitive to visual motion, also contains information about auditory 
motion directions. The representation of auditory motion directions in hMT+/V5 is aligned 
to the brain code this region uses to process the direction of visual motion. Such aligned 
representation between auditory and visual motion directions may allow efficient 
interaction between the senses and support fast and optimal representation of multisensory 
signals. However, the presence of shared motion direction information did not indicate that 
hMT+/V5 was fully abstracted from the sensory input this region receives since the activity 
profile from the two modalities were highly distinguishable in this region. Altogether, our 
results have important implications for our understanding on how we classically consider 
the division of sensory labor between brain regions dedicated to a specific perceptual or 
cognitive function (here, motion). More precisely, our results suggest that regions 
classically considered exclusively visual may also contain information from the other 
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senses in a format that is partially aligned to the brain code these regions use to process 
vision. 
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Supplementary materials 

Methods S2.1 Behavioral data from the directional motion decoding experiment.  

During the visual and the auditory motion blocks, the participants detected a brief 
change in the color of the fixation cross to ensure that they maintained fixation. The 
participants performed the task with high accuracy (mean accuracy ± SD = 96.2% ± 
5.43%). Moreover, after each motion block, the participants had to indicate the direction 
that was just presented. The repeated-measures ANOVA revealed a main effect of modality 
(F(1,22)= 26.210, p<0.001), indicating that the behavioral accuracy of motion direction 
discrimination (collapsed across different directions) was higher in the visual modality 
(mean ± SD = 98.46% ± 2.45%) than that in the auditory modality (mean ± SD = 86.32% ± 
11.97%). The analysis also revealed a main effect of motion directions (F(3,66)= 10.048, 
p<0.001) and a significant [modality x direction] interaction (F(3,66)= 11.243, p<0.001). 
Post-hoc pair-wise comparisons showed no difference between motion direction 
discrimination in the visual modality (p>0.05). In the auditory modality, there was no 
difference between the discrimination of motion directions within the same axis (p>0.05). 
However, the behavioral accuracy was significantly higher in the horizontal axis compared 
to the vertical axis. The discrimination of rightward auditory motion (mean ± SD = 96.38% 
± 9.67%) was significantly higher than the discrimination of upward (mean ± SD = 74.28% 
± 27.74%, t(22)=3.52 ,p= 0.012) and downward auditory motion (mean ± SD = 78.26% ± 
23.27%, t(22)=3.38 ,p=0.016). Leftward auditory motion discrimination (mean ± SD = 
96.38% ± 4.91%) was higher than upward (mean ± SD = 74.28% ± 27.74%, t(22)=3.71 
p=0.007) and downward auditory motion discrimination (mean ± SD = 78.26% ± 23.27% , 
t(22)= 3.67, p=0.008).  
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Figure S2.1 Within-modality Within-axis classification. 
Within-modality within-axis classification in the individually defined hMT+/V5, MTa, and PT. 
Classification results of the two opposing directions within the same axis (rightward vs leftward 
motion in the horizontal axis, and upward vs downward motion in the vertical axis) in the visual and 
the auditory modality separately. Individual points reflect individual subjects’ results. Results are 
corrected for multiple comparisons using FDR-correction (*p<0.05, **p<0.01). 
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Figure S2.2 Control analysis for the cross-modal decoding. 
[A] The mean Euclidean distance between the MNI peak coordinates of the individually defined 
hMT+/V5 and MTa in both hemispheres. Each dot represents the distance between hMT+/V5 and 
MTa in a single subject. The distance (mean ± SD) between hMT+/V5 and MTa was 11.98 mm ± 
4.1582 mm in the left hemisphere, and was 12.09 mm ± 4.47 mm in the right hemisphere (Figure 
S2.3a). The distance between hMT+/V5 and MTa was significantly different from zero both in the left 
(t(19)= 12.89, p= 3.85x10-11), and in the right hemisphere (t(19)= 12.09, p= 1.13x10-10). L: Left 
hemisphere, R: Right hemisphere. [B] The cross-modal motion direction and axis of motion decoding 
in individually defined right hMT+/V5 ROIs after excluding voxels that overlapped with the right 
MTa, and voxels that had a t-value <1.5 when comparing the visual motion with the visual static 
condition from the visual motion localizer. The cross-modal multiclass (27.23% ± 0.68%, p = 0.0034) 
and plane decoding (53.27% ± 1.12%, p = 0.0008) were significantly above chance. Error bars 
represent the standard error of the mean. Individual points reflect individual subjects’ results. 
(**p<0.01, ***p<0.001). 
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Figure S2.3 Eye movements. 
[A] Eye tracker experiment: The Gaze location from the fixation cross during the auditory motion 
stimulation blocks from one representative participant. Different colors represent the gaze location 
for each auditory motion direction. Lighter colors represent the standard error of the mean. There 
was no difference between the gaze position in both the horizontal and the vertical plane for the four 
auditory motion directions in all participants. [B] The bar graphs represent the average gaze 
location from the fixation for each auditory motion direction in each participant from the eye tracker 
experiment. The gaze location in each stimulation block for each motion direction is averaged across 
time. Error bars represent the standard error of the mean. There was no difference between the eye 
position in the horizontal (p>0.05) or the vertical plane (p>0.05) for all participants [C] Eye 
movements inside the MRI: We tested if eye movements could be detected from the MRI signal from 
the eyes. We performed the same analysis in our three fMRI experiments where the eyes of the 
participants were defined as a 7mm sphere at the center of each eye. The fMRI signal from each eye 
was extracted, and the standard deviation of the signal during each stimulation block of each 
condition was measured. In the visual and auditory motion localizers, we found no effect of condition, 
ROI, or an interaction between the two. We repeated the same analysis in the motion decoding 
experiment, and found no effect of ROI, modality, direction, or any interaction. Error bars represent 
the standard error of the mean.   
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Area Cluster size x  
(mm) 

y  
(mm) 

z 
(mm) 

peak  
t-value 

p-value 

(FWE-corr) 

Visual Motion Localizer [Visual motion > Visual static] 

L Inferior occipital gyrus 1887 -14 -100 -2 11.71 0 

R Inferior occipital gyrus  20 -96 0 10.49 0 
  -8 -90 -12 9.21 0 

R Middle temporal gyrus 163 46 -62 6 8.8 0 
  50 -52 8 6.87 0.013 

L Middle temporal gyrus 39 -42 -66 2 7.12 0.008 

Auditory Motion Localizer [Auditory motion > Auditory static] 

L Superior temporal gyrus 1131 -46 -30 8 13.24 0 
  -54 -40 10 8.4 0.001 
  -62 -16 10 7.83 0.002 

R Superior temporal gyrus 1203 62 -34 8 10.63 0 
  52 -24 6 9.05 0 
  52 -16 10 8.93 0 

R Middle temporal gyrus 115 48 -54 8 7.96 0.002 

L Middle temporal gyrus 37 -46 -64 6 7.6 0.004 

L Postcentral gyrus 70 -38 -44 64 7.09 0.009 
  -30 -44 50 6.98 0.011 

  14 34 -44 46 6.66 0.019 

Table S2.1 Results of the univariate analysis from the visual and the auditory motion localizers. 
Results are corrected for multiple comparisons using family-wise error correction (FWE) across the 
whole brain at a significance level of p<0.05. Coordinates are reported in MNI space. 
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hMT+/V5 MTa PT 

  LH RH LH RH LH RH 

  x y z x y z x y z x y z x y z x y z 

S1 -40 -66 -2 44 -68 -2 -52 -68 2 52 -56 4 -46 -32 10 60 -28 10 

S2 -40 -72 -2 46 -66 -4 -52 -64 0 50 -58 -2 -52 -20 6 58 -26 8 

S3 -36 -74 6 44 -72 8 -54 -64 -2 54 -56 -2 -56 -28 8 62 -42 10 

S4 -44 -72 4 42 -68 2 -50 -68 -4 52 -58 0 -54 -36 10 62 -34 12 

S5 -38 -64 2 40 -68 2 -50 -68 4 50 -62 8 -40 -34 14 64 -38 6 

S6 -38 -74 -4 44 -60 0 -52 -68 6 46 -58 0 -52 -24 2 56 -28 10 

S7 -42 -70 -2 42 -62 2 -44 -60 6 54 -58 8 -48 -34 14 62 -40 8 

S8 -42 -66 2 44 -62 6 -50 -66 6 56 -56 8 -44 -30 12 58 -32 2 

S9 -- -- -- 44 -68 0 -- -- -- -- -- -- -- -- -- -- -- -- 

S10 -- -- -- -- -- -- -52 -66 8 42 -54 4 -46 -30 6 52 -32 10 

S11 -40 -64 0 44 -64 2 -52 -68 4 48 -58 10 -52 -32 10 62 -38 12 

S12 -42 -72 0 46 -68 -2 -52 -68 2 46 -62 6 -54 -38 6 60 -42 10 

S13 -40 -64 2 50 -70 2 -42 -68 6 -- -- -- -52 -36 6 54 -40 14 

S14 -40 -76 2 46 -60 2 -52 -68 2 48 -56 0 -56 -32 8 54 -40 12 

S15 -42 -72 -2 44 -68 10 -38 -70 10 46 -62 8 -44 -32 4 56 -34 14 

S16 -44 -62 6 46 -66 0 -46 -62 12 46 -56 12 -46 -36 6 62 -26 10 

S17 -40 -64 0 52 -62 -2 -48 -62 6 46 -60 6 -42 -34 2 62 -26 6 

S18 -38 -72 2 46 -66 0 -44 -60 12 52 -60 6 -46 -38 10 60 -26 12 

S19 -44 -68 6 50 -72 8 -48 -62 2 52 -60 6 -42 -36 10 60 -42 8 

S20 -46 -68 6 44 -64 2 -48 -62 4 52 -50 8 -40 -38 6 52 -30 8 

S21 -42 -72 -2 42 -68 4 -- -- -- 48 -54 2 -54 -24 8 62 -34 14 

S22 -44 -70 2 44 -60 0 -46 -64 -2 48 -54 -4 -44 -36 10 64 -30 10 

S23 -40 -70 -4 46 -64 0 -44 -62 6 56 -54 8 -46 -26 2 56 -36 10 

Table S2.2 Peak coordinates of the individually defined regions of interest. 
coordinates of hMT+/V5 were defined in each subject from the contrast [visual motion > visual 
static] in the visual motion localizer. Peak coordinates from MTa and PT were defined individually 
from the contrast [auditory motion > auditory static] in the auditory motion localizer. Coordinates 
are in MNI space. 
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Seed   ROI K t-value p-value MNI Coordinates 
Visual motion localizer 
Left hMT+/V5  

L middle temporal G 37 4.96 0.002 -40 -66 2  
L lingual G 234 6.02 p<0.001 -14 -94 -6  
L middle Temporal G 

 
5.90 p<0.001 -14 -96 -2  

L lingual Gyrus 
 

5.24 0.001 -16 -90 -2  
R Lingual G 244 5.22 0.001 20 -94 2  
R Lingual G 

 
5.19 0.001 18 -98 -2  

R Lingual G 
 

4.91 0.002 10 -94 -8    
4.68 0.003 6 -98 -6 

Right hMT+/V5  
L middle temporal G 210 5.71 p<0.001 -38 -68 2  
R inferior temporal G 92 5.03 0.001 44 -66 0  
L lingual G 217 5.04 0.001 -10 -94 -10  
L lingual G 

 
5.02 0.001 -12 -90 -10  

L lingual G 
 

4.87 0.002 -6 -90 -12  
L Middle Occipital G 

 
4.73 0.003 -14 -96 -2  

L lingual G 
 

4.24 0.006 -16 -90 -2  
R Calcarine G 240 4.61 0.003 18 -98 0  
R Lingual G 

 
4.60 0.003 20 -94 2  

Calcarine G (BA17) 
 

3.98 0.011 4 -94 -6  
Calcarine G (BA17) 

 
3.81 0.015 2 -98 -2 

Left MTa  
L lingual G 23 3.81 0.016 -10 -94 -10  
R lingual G 118 3.79 0.016 12 -90 -6  
R lingual G 

 
3.70 0.019 20 -94 2  

R Cuneus 
 

3.64 0.021 8 -102 -2  
R Calcarine G 

 
3.63 0.022 10 -98 0 

Auditory motion localizer 
Left MTa  

R Superior Temporal G 184 4.39 0.006 60 -26 10 
Right MTa  

R Superior Temporal G 165 5.64 p<0.001 60 -24 16 
  R Superior Temporal G   5.33 0.001 60 -34 18 

Table S2.3 Psychophysiological interactions (PPI) from the visual and the auditory motion 
localizers.  
Results of the task based functional connectivity (PPI) in the visual motion localizer for the contrast 
(visual motion > visual static), and in the auditory motion localizer for the contrast (auditory motion 
> auditory static). The seed regions included bilateral hMT+/V5 and MTa that were defined from the 
group-level analysis of the visual and auditory motion localizers. Reported results are significant 
(p<0.05 FWE) after applying a SVC. The coordinates for V1, hMT+/V5, and planum temporale used 
for the SVC were extracted using the meta-analysis tool neurosynth (Yarkoni et al., 2011). Bilateral 
V1 [MNI coordinates: -6 -90 -2 and 10 -94 2] was defined from a set of 101 studies. Left and right 
hMT+/V5 [MNI coordinates: -46 -70 2 and 48 -66 4] were defined from 106 studies. Bilateral 
planum temporale [MNI coordinates: -60 -32 14 and 58 -30 10] was defined from a set of 97 studies. 
K represents the number of voxels when displayed at p<0.001 (uncorrected). L: left, R: right, G: 
gyrus.   
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  left hMT+/V5 right hMT+/V5 left MTa right MTa left PT right PT 

[a] mutli-class decoding (4-way decoding) 
Visual 29.27% ± 

7.17% 
28.88% ± 

8.04% 
27.68% ± 

7.16% 
25.79% ± 

6.92% 
26.42% ± 

6.57% 
24.91% ± 

5.77%  

Auditory 25.40% ± 
6.41% 

28.60% ± 
6.59% 

30.85% ± 
8.17% 

30.65% ± 
7.60% 

36.65% ± 
8.17% 

35.13% ± 
11.23% 

 
 

[b] axis of motion decoding (horizontal vs vertical) 
 

Visual 56.94% ± 
8.57% 

56.63% ± 
7.97% 

52.78% ± 
6.19% 

50.89% ± 
7.87% 

51.80% ± 
9.28% 

51.04% ± 
9.85% 

 
 

Auditory 58.93% ± 
9.37% 

56.63% ± 
10.64% 

65.58% ± 
8.27% 

61.90% ± 
11.84% 

71.21% ± 
10.71% 

68.84% ± 
12.59% 

 

[c] horizontal decoding (rightward vs leftward motion) 
 

Visual 50.40%±9.02
% 

57.39%± 
10.75% 

52.38%± 
13.02% 

46.83% ± 
9.49% 

47.73% ± 
11.84% 

52.65% ± 
11.61% 

 
 

Auditory 47.22% ± 
10.40% 

46.97% ± 
11.07% 

44.64% ± 
9.78% 

52.18%± 
10.34% 

48.48%± 
10.01% 

51.89% ± 
11.26% 

 
 

[d] vertical decoding (upward vs downward motion) 
 

Visual 53.37% ± 
10.99% 

46.97% ± 
12.61% 

51.98%±9.
65% 

48.81%± 
13.45% 

57.58%± 
10.65% 

51.33%± 
13.14% 

 
 

Auditory 49.80% ± 
9.54% 

47.35% ± 
14.00% 

52.58% ± 
13.72% 

52.78%± 
10.81% 

56.25%± 
11.04% 

53.79%±
9.70% 

 
 

Table S2.4 Within-modality classification results. 
Classification results of the different motion directions (mean accuracy ± standard deviation) in each 
ROI for each modality separately. The multi-class decoding shows the results of classifying the 4 
motion directions in each modality (chance level = 25%). The axis of motion decoding shows the 
results for classifying the horizontal versus the vertical axis (chance level = 50%). The horizontal and 
vertical decoding shows the results for classifying the two opposite directions that lie in the same axis 
(chance level = 50%).  
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Theoretical models mean r Standard 
deviation 

Modality-invariant model -0.3418 0.020 

IM-0.1  0.4229 0.0131 

IM-0.3  0.5757 0.0122 

IM-0.5  0.7480 0.0125 

IM-0.7  0.9004 0.0148 

IM-0.9  0.9814 0.0180 

Multi-modal model 0.9897 0.0194 

Unimodal model (visual) 0.6006 0.0294 

Unimodal model (auditory) 0.5931 0.0379 

Model comparisons z-score p-value 

Modality-Invariant – IM-0.1 -41.069 0.000321 

IM-0.1 – IM-0.3 -41.069 0.000321 

IM-0.3 – IM-0.5 -41.069 0.000321 

IM-0.5 – IM-0.7 -41.069 0.000321 

IM-0.7 – IM-0.9 -41.069 0.000321 

IM-0.9 – Multimodal -40.744 0.000369 

Multimodal – Unimodal (visual) 41.069 0.000321 

Unimodal (visual) – Unimodal (auditory) 0.0162 1 

 Table S2.5 RSA analysis and the comparison of the RSA models’ correlation. 
The first section of the table illustrates the correlation of each of the theoretical models with the 
neural DSM from the right hMT+/V5 (mean ± SD). The second section of the table illustrates the 
statistical comparison between the correlation of the different theoretical dissimilarity models and the 
neural dissimilarity matrix of right hMT+/V5 using a 2-sided Wilcoxon signed-rank test. The 
multimodal model had the highest correlation value with the neural DSM of hMT+/V5 than all the 
other theoretical models. Results were controlled for multiple comparisons using FWE-correction. 
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Split-half correlation results 
 Left hemisphere Right hemisphere 

  Vis-Vis Aud-Aud Vis-Aud Vis-Vis Aud-Aud Vis-Aud 

hMT+/V5       

t-stat 12.308 10.292 -6.907 14.693 12.944 -7.824 

p-value 1.562 x 10-9 3.504 x 10-8 1.877 x 10-5 2.885 x 10-11 3.202 x 10-10 2.114 x 10-6 

MTa       

t-stat 11.936 9.23 -1.975 9.522 15.291 -0.556 

p-value 2.69 x 10-9 2.152 x 10-7 1 1.29 x 10-7 3.038 x 10-11 1 

PT       

t-stat 7.971 14.592 2.673 10.092 11.881 5.079 

p-value  1.571 x 10-6 3.294 x 10-11 0.256 2.967 x 10-8 1.575 x 10-9 8.945x 10-4 

Comparison between the split-half correlation values in the different conditions 

ROI Visual - Auditory      Visual - Cross-modal Auditory - Cross-modal 
 t-value p-value t-value p-value t-value p-value 

L hMT+/V5 1.21 1 11.38 6.198 x 10-09 12.38 1.405 x 10-9 

R hMT+/V5 2.79 0.2 13.78 2.056 x 10-10 14.53 7.764 x 10-11 

L MTa 0.48 1 12.62 1.976 x 10-09 10.69 3.19 x 10-8 

R MTa -1.14 1 11.22 1.449 x 10-08 13.67 4.995 x 10-10 

L PT -7.82 2.141 x 10-06 9.97 6.009 x 10-08 12.79 7.828 x 10-10 

R PT -3.86 0.017 11.6 4.425 x 10-09 12.67 9.273 x 10-10 

Table S2.6 Split-half correlation results and the comparison between the SHC values in the 
different conditions. 
The first section of the table illustrates the correlation of the motion direction patterns in the odd and 
even runs within and across-modalities in each region of interest in the motion decoding experiment. 
The within-modality split half correlation measures the correlation between the odd and even runs in 
the visual modality (Vis-Vis), and in the auditory modality (Aud-Aud). The cross-modal split-half 
correlation measures the correlation of the motion direction patterns between the visual and auditory 
modality (Vis-Aud). Correlation values were Fisher-transformed and tested against zero. The second 
section of the table presents the results for the repeated-measures t-test that was performed to 
compare the split-half correlation values of the visual and the auditory condition, the visual and the 
cross-modal condition, and the auditory and the cross-modal condition. All p-values were FWE-
corrected. 

 



 

 





Chapter 3 
 

A brief period of postnatal visual 
deprivation permanently alters visual 
motion processing in V1 but not in V5 

Mohamed Rezk1, Stefania Mattioni1, Xiaoqing Gao4, Junghyun Nam2, Zhong-Xu Liu3, 
Terri Lewis5, Daphne Maurer 5, & Olivier Collignon1,6 

 

[1] Institut de Recherche en Sciences Psychologiques (IPSY) and Institute of Neuroscience 
(IoNS), Louvain Bionics, Crossmodal Perception and Plasticity Lab, Université catholique 
de Louvain (UCL), 1348 Louvain-la-Neuve, Belgium [2] University of Toronto, Canada [3] 
University of Michigan-Dearborn, USA [4] Zhejiang University, China [5] McMaster 
University, Canada [6] University of Trento, Italy 

 

 

How does early visual experience shape the development of the visual 
motion network? To address this question, we used functional magnetic resonance 
imaging to characterize the brain responses elicited by visual motion in adults born 
with dense bilateral cataracts that were treated early in life. Our results demonstrate 
reduced motion selective recruitment of the early visual areas in early cataract-
reversal patients (CAT) when compared to matched controls with typical visual 
development. The reduced recruitment in the early visual cortex in CAT correlated 
with the duration of visual deprivation. Interestingly, no alterations were observed 
in the higher order visual motion area hMT+/V5. Psychophysiological interaction 
analyses however revealed reduced connectivity between hMT+/V5 and V1 during 
visual motion processing in CAT. Moreover, multivariate pattern analyses 
indicated reduced motion direction information in V1, but not in hMT+/V5, in the 
cataract-reversal patients. Altogether these results suggest that a brief and transient 
period of visual deprivation early in life has a region-specific impact on the visual 
motion network with V1 being permanently affected while hMT+/V5 showing 
resilience to deprivation. 

 





Chapter 3 

A brief period of postnatal visual 
deprivation permanently alters visual motion 

processing in V1 but not in V5  

Introduction 

Early animal studies highlighted the importance of early visual experience for the 
development of the visual system (Wiesel & Hubel, 1963a, 1965a). For instance, visual 
deprivation in one eye in cats even for a few days during the sensitive period early in life 
can lead to a strong and permanent shift in the ocular dominance to the non-deprived eye 
(Hubel & Wiesel, 1970). These results compellingly indicated that early visual experience 
is necessary for the typical development of the visual system. 

In humans, the study of congenital bilateral cataract-reversal patients provides a 
unique “natural” model to test the role early visual experience plays in shaping the 
development of visual functions. Studies involving congenital bilateral cataract-reversal 
patients have documented the existence of different sensitive periods during which visual 
inputs are necessary, or not, for the normal development of different aspects of vision 
(Maurer et al., 2005). While some aspects of vision do not seem affected by a brief period 
of visual deprivation early in life like low-frequency discrimination, face discrimination 
based on the shape of internal features, facial expression discrimination, eye gaze, and lip 
reading perception (Geldart et al., 2002; Le Grand et al., 2001; Maurer et al., 2006) other 
aspects of vision like the processing of high-spatial frequencies (Maurer et al., 2006) or the 
holistic processing of faces (Le Grand et al., 2004) do not develop normally in cataract-
reversal patients.  

Arguably the most striking impaired visual function in early cataract-reversal 
patients is the processing of global motion information (Ellemberg et al., 2002; Hadad et 
al., 2012; T. L. Lewis & Maurer, 2009; Maurer et al., 2005, 2007). For instance, Ellemberg 
and colleagues tested global motion perception abilities in a group of bilateral cataract-
reversal patients that had been visually deprived at birth and for a period lasting from 3 to 8 
months (i.e., congenital group) or in a separate group that had been visually deprived 
between 8 and 57 months of age, after a period of normal visual experience (i.e., 
developmental group). The congenital group was found to be strongly impaired compared 
to the developmental group. In the latter group, all participants performed within normal 
limits, even in cases where vision had been lost as young as 8 months of age and for a 
period lasting up to 6 months  (Ellemberg et al., 2002). These observations suggest that 
visual deprivation during the first months of life is sufficient to permanently alter global 
motion perception abilities, whereas visual experience before the age of approximately 8 
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months may be necessary and sufficient for the normal development of sensitivity to global 
motion in humans. Consistent with these findings, kittens raised in the dark up to 4 to 12 
weeks of age, showed profound and long-lasting deficits in global motion perception 
following the period of deprivation, provided that it started before 6 weeks of age (Mitchell 
et al., 2009). Few weeks of early visual deprivation can lead to permanent deficits in global 
motion processing. 

The neurophysiological correlate of such impairment in global motion processing 
remains unknown. Global motion perception is a visual function associated with the dorsal 
visual stream (Sunaert et al., 1999; Tootell et al., 1995; Watson et al., 1993). hMT+/V5 is 
known to process global motion information, and its recruitment during global motion 
processing increases with increasing the global coherence of motion (Braddick et al., 2001; 
Rees et al., 2000). Therefore, it was speculated that deficits in global motion processing in 
cataract-reversal patients originate from impaired functioning of hMT+/V5. In this study, 
we comprehensively investigated the impact of an early and brief period of visual 
deprivation on the visual motion processing network and demonstrated a selective 
alteration in the response properties of V1 but not of hMT+/V5. Additionally, we 
demonstrate the presence of long-lasting functional connectivity changes within the early 
visual cortex in the cataract-reversal patients as a result of brief early visual deprivation. 

Materials and methods 

Participants  

Fifteen cataract-reversal patients (7 males, mean age ± SD= 28.26 ± 6.32 years, 
age range= 18 - 39 years, see Table S3.1) and seventeen matched controls (11 males, mean 
age ± SD= 29.12 ± 5.71 years, age range= 21 – 39 years) participated in the experiment. 
Two participants from the cataract-reversal group and one from the control group had a 
history of depression. All participants were naive to the purpose of the experiment. The 
protocol was approved by the research ethics committee in the University of Toronto and 
McMaster University. A written consent was acquired from all participants. Participants 
were monetarily compensated for their participation. Prior to testing, participants 
underwent a training session where they were familiarized with the experiments and the 
required tasks. 
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Visual tests 

Assessment of visual acuity 

Visual acuity was assessed using the Freiburg Visual Acuity Test (FrACT; Bach, 
1996, 2006). Participants were tested at a distance of 210 cm from the stimulation monitor 
(CRT monitor of screen width of 53.5 cm, and screen resolution of 800 x 600 pixels). The 
test run compromised 30 Landolt-C trials that were presented in a random orientation. The 
size of the stimuli was adjusted on each trial based on the previous responses to estimate 
the most probable visual acuity threshold by using a  maximum-likelihood staircase 
procedure (Best PEST; Lieberman & Pentland, 1982). The participants performed a forced 
choice task where they indicated the orientation of the C-stimulus gap (up, down, right, 
left). The Logarithm of the Minimum Angle of Resolution (logMar) was used as a measure 
of visual acuity. The visual acuity of the two groups were compared using a two-sample t-
test. 

Assessment of contrast sensitivity 

Contrast is modulated by the difference between the luminance of a stimulus in the 
foreground and the luminance of the background. The Weber contrast was estimated using 
the FrACT software (Bach, 1996, 2006) by calculating the luminance difference between 
the stimulus and the background divided by the maximum luminance [CWeber = 
(Luminance max – Luminance min) / Luminance max]. The test run compromised 30 trials 
of a letter “C” with a fixed diameter of 30 arc minutes with varying contrast at the center of 
the screen that changed its orientation randomly on each trial. The participants performed a 
forced choice task where they indicated the orientation of the stimulus. The difference in 
luminance between the stimulus and the background was adjusted on each trial using a  
maximum-likelihood staircase procedure (Best PEST; Lieberman & Pentland, 1982) that 
relied on the subject’s responses in the previous trials. The logarithm of the inverse Weber 
contrast (logCS Weber) was used as a measure of contrast sensitivity. The contrast 
sensitivity of the two groups were compared using a two-sample t-test. 

Assessment of motion sensitivity 

Stimuli: Visual stimuli were presented on a CRT monitor (screen width: 53.5 cm, 
screen resolution: 800 x 600 pixels). The visual stimuli consisted of random dot 
kinematograms (RDK) within an invisible circular aperture of 25 visual degrees centered 
around a white fixation cross. Each visual event was composed of 100 white dots 
(diameter= 1°) on a black background. Motion dots had a speed of 4°/s and a limited dot 
lifetime of 200 ms. Dots moved in one of four possible motion directions [upward, 
downward, rightward, and leftward] depending on the performed experiment.  
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To assess the behavioral performance in global motion direction discrimination, 
we ran three behavioral experiments using a two-forced choice paradigm. In the first 
experiment, the participants performed a motion direction discrimination task within the 
horizontal plane where the participants indicated whether the RDKs moved rightward or 
leftward. In the second experiment, the participants indicated whether the RDKs moved 
upwards or downwards (vertical plane). In the third experiment, the participants indicated 
whether the RDKs moved in the horizontal (alternating between rightward and leftward 
motion) or the vertical plane (alternating between upward and downward motion). In each 
of these experiments, we used an adaptive QUEST staircase procedure (Watson & Pelli, 
1983) to determine the coherence level of the presented RDKs in the different trials. The 
experiments estimated the necessary coherence threshold to achieve 75% behavioral 
performance. Each experiment had 60 trials where each event lasted 1.2 s. Events were 
separated by an inter-trial interval of 5 s. The participant’s head was stabilized on a chin-
rest while they performed the experiment (distance from monitor= 60 cm).  

The statistical analysis included a mixed ANOVA with the three motion 
discrimination conditions as within-subject factors, and the group as a between-subject 
factor. A Greenhouse-Geisser correction was applied whenever the assumption of 
sphericity was violated. Post-hoc pairwise t-tests were performed to compare the two 
groups, and to compare the different motion discrimination conditions combined across the 
two groups. Results were corrected for multiple comparisons using Bonferroni correction. 

Additionally, we tested whether the estimated behavioral thresholds in the 
cataract-reversal patients correlated with the duration of visual deprivation. In each 
experiment, we tested whether the estimated coherence thresholds, to achieve 75% 
behavioral accuracy, were correlated with the duration of visual deprivation in the cataract 
reversal patients. 

fMRI experiments 

Stimuli: Visual stimuli were projected on a screen (frame rate: 60 Hz; screen 
resolution 1920 x 1080 pixels) behind the scanner. Participants viewed the screen (distance 
from head= 45 cm) through a mirror mounted on the MRI head coil. Participants performed 
a task in each experiment by responding with an MR-compatible response button. Visual 
stimuli consisted of RDKs within an invisible circular aperture of 25 visual degrees 
centered around a white fixation cross. Each visual event was composed of 120 white dots 
(diameter= 1°) on a black background. Motion dots had a speed of 12°/s and a limited dot 
lifetime of 200 ms. The use of the limited lifetime ensures that motion direction 
discrimination could be achieved by relying on the global motion perception rather than 
focusing on a single dot (Bex et al., 2003). Dots moved in one of four possible motion 
directions [upward, downward, rightward, and leftward] with 100% coherence level. Each 
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visual motion event lasted 1.2 s. In the visual static condition, each static event had RDKs 
of 120 dots that remained static. The location of the dots was randomized in each event.  

Experimental design (Experiment I): Motion selectivity 
Experiment 

We implemented a motion selectivity experiment to localize regions showing 
enhanced recruitment during visual motion processing. Visual motion and static conditions 
were generated using white RDKs on a black background. Dots moved in one of four 
possible motion directions [upward, downward, rightward, and leftward]. The motion 
selectivity experiment started with an initial 2 s of blank screen and ended with 13 s of 
blank screen. The run had 6 blocks of motion and static conditions. Blocks were separated 
from each other with an inter-block interval (IBI) of 8 s. Each block had 12 events (1.2 s for 
normal events, and 0.6 s for target events), and an inter-stimulus interval (ISI) of 0.1 s. 
Each motion block had 3 repetitions of the 4 motion directions presented in random order. 
In the static condition, the location of the dots was randomly changed for each event 
(inducing 12 changes within one block). The fixation cross was presented during the whole 
duration of the visual localizer. To minimize eye movements and saccadic shifts (Corbetta 
et al., 1998; Petit & Haxby, 1999a), the participants were asked to detect a brief change 
(150 ms) in the fixation cross color. Moreover, the participant was additionally asked to 
detect the presence, within a block, stimuli with faster speed (24°/s) and shorter duration 
(0.6 s). The number of targets (range: 1-2 in each block) was randomized and balanced 
across conditions.  

Experimental design (Experiment II): Directional motion 
decoding experiment 

The directional motion decoding experiment was composed of 10 runs, each run 
comprising 4 motion blocks. Each motion block had stimuli moving in one of four possible 
directions [upward, downward, rightward, or leftward]. Each run started with an initial 5 s 
of black screen and ended with 11 s of blank black screen. Each block had 10 events of a 
1.2 s, all moving in the same direction. Events were separated by a 100 ms inter-trial 
interval resulting in a block duration of 13 s. Blocks were separated from each other with an 
inter-block interval (IBI) of 6 s. To ensure fixation and to minimize eye movements during 
the motion blocks, the participants were asked to press a button whenever the fixation cross 
changed color (duration= 150ms). Moreover, the participant was additionally asked to 
detect the presence, within a block, stimuli with faster speed (24°/s) and shorter duration 
(0.6 s).  The order of the blocks was randomized in each run. 
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MRI acquisition 

Structural and functional data were acquired at the Sherman Health Science 
Research Centre (University of York, Toronto, Canada) using a Siemens MAGNETOM 3T 
PrismaFit MRI scanner with a standard 64 channel head coil. Structural high-resolution T1-
weighted MPRAGE scans were acquired using parallel imaging (GRAPPA factor = 2). The 
acquisition parameters for the T1 images included a repetition time (TR) of 2300 ms, echo 
time (TE) = 2.62 ms, voxel size = 1 mm isotropic voxels, number of slices=192, and a flip 
angle of 9°. Functional scans were acquired using T2*-weighted echoplanar BOLD 
imaging for the visual motion selectivity experiment and the motion decoding experiment. 
The acquisition parameters included simultaneous interleaved multi-slice acquisition using 
parallel imaging with multiband acceleration = 2, phase encoding acceleration = 3, TR = 
1170 ms, TE = 30ms, voxel-size = 2 mm isotropic voxels, number of slices = 51, flip angle 
= 66°, and echo-spacing 0.68 ms. The first four initial scans of each run were discarded to 
allow for equilibrium magnetization. 

fMRI preprocessing  

fMRI data was preprocessed in statistical parametric mapping software (SPM12 – 
Wellcome Department of Imaging Neuroscience, University College London, UK) 
implemented in Matlab R2017b (Mathworks, Inc.). Preprocessing steps included slice time 
correction, EPI alignment to the mean functional image with a 2nd degree B-spline 
interpolation, co-registration of the functional volumes to the structural image and 
normalization to the Montreal Neurological Institute (MNI) template.  

Experiment 1 (Motion selectivity experiment) 

Univariate analysis  

Functional data were spatially smoothed with a 6-mm full-width half-maximum 
(FWHM) smoothing kernel for the univariate analysis. For the motion selectivity 
experiment, a general linear model (GLM) was fitted for every voxel with the visual motion 
and the visual static conditions as regressors of interest. Each regressor was modeled with a 
boxcar function and convolved with the canonical hemodynamic response function (HRF). 
The 6 head motion parameters (3 translation and 3 rotation parameters) were included in 
the model as regressors of no interest. A high-pass filter of 128 s was used to remove low 
frequency signal drifts. The contrast [Motion > Static] was computed for every subject 
individually (Huk et al., 2002; Tootell, Reppas, Kwong, et al., 1995). Then a standard 
group-level analysis was performed. The individual contrasts were further smoothed with a 
6-mm FWHM kernel and entered into a random effects model for the second-level analysis. 
A one-sample t-test was performed, and group-level statistical inferences were made at a 
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voxel-level threshold of p<0.05, Family-wise error (FWE)-corrected. Additionally, we 
performed a conjunction analysis to define regions that were activated more in the motion 
condition than the static condition in both groups at a statistical threshold of p<0.05 FWE-
corrected. To compare the two groups, a two-sample two-sided t-test was implemented. 
Results were corrected for multiple comparisons using threshold-free cluster enhancement 
(TFCE) (S. M. Smith & Nichols, 2009). 

In a complementary analysis, we investigated whether the differences between the 
cataract-reversal patients and controls could be attributed to a general lower level of 
recruitment of the visual cortex in the cataract-reversal patients when processing visual 
stimuli, and not motion processing per se. Therefore, we tested whether the visual static 
stimuli [Contrast: Static > Baseline] elicited lower responses in the visual cortex in the 
cataract reversal patients. The same analysis was applied for the motion condition 
[Contrast: Motion > Baseline] (Fig S3.1). 

Correlation 

We tested whether the changes in motion selectivity in the cataract-reversal 
patients were correlated with their behavioral performance in motion direction 
discrimination from the behavioral experiment that was done outside the MRI. To have one 
measure from the three different behavioral experiments, we calculated the average 
coherence level across the three experiments that was estimated to give a 75% behavioral 
performance in each subject. The average behavioral thresholds were entered in a 
regression model which was fitted in every voxel in the brain. We tested whether the 
behavioral thresholds correlated with the motion selectivity [Motion > Static] in the 
cataract-reversal patients.  

Additionally, we tested whether the duration of visual deprivation in the cataract-
reversal patients correlated with the motion selectivity. The duration of visual deprivation 
was estimated as the period until the first cataract removal surgery was performed. A 
regression model was fitted in each voxel in the brain to identify regions showing a 
correlation between motion selectivity and the duration of visual deprivation. Results were 
Family-wise error corrected using a small volume correction (SVC) centered on regions of 
interest (Worsley et al., 1996).  

We also investigated whether the reduced motion selectivity in the cataract-
reversal patients was correlated with visual acuity or contrast sensitivity. We used the 
estimated logMar and logCS values obtained from the acuity and the contrast sensitivity 
testing in the cataract-reversal patients. We performed a whole-brain voxel-wise analysis 
where we fitted a regression model in each voxel to test for a correlation between motion 
selectivity and visual acuity or contrast sensitivity in the cataract-reversal patients.  
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Functional connectivity analysis (PPI)  

Psychophysiological Interaction (PPI) analysis (Friston et al., 1997; Gitelman et 
al., 2003) identifies voxels in which the activity is more related to the activity in a seed 
region of interest (seed ROI) in a given psychological context. In the present study, PPI 
analyses were performed to test if the task-based functional connectivity profile of the 
motion selective region hMT+/V5 differed across the two groups when processing motion 
versus static. We defined the hMT+/V5 seed regions from the conjunction analysis between 
the two groups of the Motion>Static contrast. In each subject in each group, we extracted 
the time series (first eigenvariate) from a sphere (5 mm radius) around the peak of the left [-
38 -76 4] and the right hMT+/V5 [44 -66 2].  

A first-level GLM analysis was performed in each subject where the model 
included the following regressors: [1] psychological regressor [motion>static], [2] the 
extracted activity from the seed region (physiological regressor), [3] and the interaction 
term (PPI) between the previous two regressors. The PPI term was estimated by first 
deconvolving the BOLD activity to estimate the neuronal response in the ROIs (Gitelman 
et al., 2003). The interaction term was calculated as the element-wise product of the 
estimated neuronal activity and the psychological regressor. The interaction term was 
further convolved with the canonical HRF. The six head motion parameters were included 
in the model as regressors of no interest. After estimating the PPI models for each subject, a 
random effects model was constructed and a one-sample t-test was performed in each group 
to test for regions that showed enhanced task-based correlation with hMT+/V5 when 
processing motion. Additionally, a two-sample t-test was performed to compare the 
hMT+/V5 connectivity profile from the two groups. Additionally, we tested the 
connectivity profile of the early visual cortex where we observed a difference between the 
two groups. We defined seed regions in the left and [-14 -98 2] right early visual cortex [16 
-92 2] and performed the same analysis PPI analysis.  

Retinotopic motion selectivity 

The results from the univariate analysis demonstrated that deficits in visual motion 
processing were prominent in the early visual cortex. To further investigate the impairments 
in visual motion processing in V1, we tested whether the impairments in visual motion 
processing were limited to specific retinotopic regions in V1. To do so, we used a technique 
that performs retinotopic mapping in the early visual areas based on anatomy and surface 
topology. This technique fits a group and anatomically-defined template to each 
participant’s anatomical image while correcting for distortions caused by cortical folding 
(Benson et al., 2012, 2014). Retinotopic eccentricity maps in the native subject’s space are 
produced. The eccentricity maps reflect the preference of each voxel to a specific location 
in the visual field measured in the distance (in degrees) from the fovea. In each subject, we 
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masked the generated retinotopic maps with the subject-specific V1 mask (in the native 
volumetric space). We then divided the subject-specific V1 into four sub-modules. A 
foveal-V1 ROI comprising bilateral V1 voxels that have an eccentricity preference less than 
12.5 visual angles, a para-foveal V1 ROI with bilateral V1 voxels that have an eccentricity 
preference in the range of 12.5 - 25 visual angles, a peripheral V1 ROI with bilateral V1 
voxels that have an eccentricity preference in the range of 25 - 50 visual angles, and a far-
peripheral V1 ROI with bilateral V1 voxels that have an eccentricity preference in the range 
of 50 - 75 visual angles. 

To test if motion selectivity and the recruitment of V1 is modulated by 
eccentricity, condition, or group [cataract-reversal patients/controls], we extracted the beta 
parameter estimates from the eccentricity-based V1 ROIs (n=4), in each condition [motion 
and static], in the native space of each subject in each group [cataract-reversal 
patients/controls]. To compare the beta estimates, we ran a 3-way ANOVA [eccentricity 
ROIs x condition x Group]. Post-hoc pairwise comparisons were performed and corrected 
for multiple comparisons using FWE-correction. 

Experiment 2 (Directional motion decoding experiment) 

For the directional motion decoding experiment, the preprocessing steps were 
similar to the ones implemented in the univariate analysis except that we applied minimal 
smoothing (2 mm) to the functional data to improve the signal-to-noise ratio while still 
maintaining a fine-grained multivariate response profile for each motion direction within a 
ROI. A general linear model (GLM) analysis was performed to estimate the BOLD signal 
for every voxel. The GLM included a separate regressor for each motion in each run. Each 
regressor was convolved with the canonical HRF. The six head motion parameters (3 
translation and 3 rotation) for each run were included in the model as regressors of no 
interest. For each run, t-maps were estimated for each motion direction using the contrast 
[motion direction > baseline]. The t-maps were used for further MVPA.  

ROI definition for MVPA 

The motion selectivity experiment (Experiment I) indicated that while hMT+/V5 
was recruited in both groups with no statistical difference, the early visual cortex was 
significantly less recruited in the cataract-reversal patients. To test the differences between 
V1 and V5, we used a probabilistic atlas (L. Wang et al., 2015) to define V1 [by combining 
both dorsal (V1d) and ventral V1 (V1v) ROIs from the probabilistic atlas into one ROI] and 
the motion selective area (MT) in each hemisphere. MT is a part of the hMT+/V5 complex 
that does not include the MST or FST regions that also process visual motion information. 
We tested whether we could predict the perceived motion direction from the elicited 
activity patterns in these ROIs.  
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Control analysis ROI 

The size of the MT ROI in the probabilistic atlas was smaller (compared to the V1 
ROIs), therefore, the lower decoding in MT or the absence of difference between the two 
groups could be possibly attributed to the lower number of features. To control for this 
possible confound, we performed 2 control analyses. In the first control analysis, we used 
the group-level functionally-defined hMT+/V5 from the conjunction analysis from the 
motion selectivity experiment. The hMT+/V5 complex includes an agglomeration of 
motion sensitive structures notably composed of multiple sub-regions as MT, MST, and 
FST (Huk et al., 2002; Morrone et al., 2000; Smith et al., 2006). In each hemisphere, we 
created a sphere of 10 mm radius centered around the peak coordinate of the group-level 
hMT+/V5 from the conjunction analysis. These ROIs had a larger number of features that 
was comparable to those from the V1 ROIs from the probabilistic atlas. Additionally, we 
tested whether there were group differences in decoding the motion directions in the 
hMT+/V5 ROIs when varying the number of features by changing the radius of the sphere 
from 4 mm to 10 mm.  

In the second control analysis, we used individually defined hMT+/V5 using the 
data of the first experiment to test if we can predict the perceived motion directions in the 
two groups. The choice for using individually defined ROIs is motivated by hMT+/V5 
having high variability in anatomical location across individuals (Dumoulin et al., 2000; 
Huk et al., 2002; Large et al., 2016). The individually-defined hMT+/V5 was identified 
functionally in each subject as the area that responded significantly to motion more than 
static in the occipito-temporal cortex and passed a statistical threshold [t-value > 2]. It was 
constrained by the anatomical location of hMT+/V5 where the peak coordinate had an 
Euclidean distance not more than 10-mm away from the group-level hMT+/V5 peak 
coordinate defined from the conjunction analysis. The peak coordinate of hMT+/V5 in each 
subject was used to create a 10-mm radius sphere to be used as individually-defined ROIs 
in the multivariate analysis (See Table S3.2 for the hMT+/V5 MNI coordinates in each 
subject). Additionally, we tested whether there are group differences in hMT+/V5 when 
using ROIs with different sphere sizes (from 4 mm to 10 mm radius). 

Multivariate pattern analysis  

The Multivariate pattern analysis (MVPA) was performed using CoSMoMVPA 
(http://www.cosmomvpa.org; (Oosterhof et al., 2016)) implemented in Matlab. The MVPA 
was performed using a linear discriminant analysis (LDA) classifier. A classifier was 
trained and tested to discriminate the four motion directions in each subject individually in 
V1 and MT (defined from the probabilistic atlas), as well as the group-level and the 
individually-defined hMT+/V5. A leave-one run out cross-validation scheme was 
implemented. In each cross-validation fold, the training data (9 runs) were normalized (z-
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scored) across directions and the classifier was trained to discriminate the patterns from the 
four motion directions. The normalization parameters from the training data were applied to 
the test data, and the performance of the LDA classifier was evaluated on the test data (1 
run). The previous step was repeated 10 times (N-fold cross-validation) where in each fold 
the classifier was tested on a different run. A single classification accuracy was obtained by 
averaging the classification accuracies for all the cross-validation folds. If the classifier 
could successfully discriminate the different motion directions above chance (25%), this 
would indicate the presence of motion direction information in the tested ROI that the 
classifier was able to learn during the training.  

Due to the very large size of the V1 ROIs (number of voxels > 1000), we used a 
feature selection approach when performing the classification analysis in the V1 ROIs. In 
each cross-validation fold, an ANOVA-based feature selection was implemented on the 
training data to identify the most informative 500 voxels on which the classifier was trained 
and tested. Additionally, in a supplementary analysis, we investigated the effect of varying 
the number of V1 features (n= 200- 600) on the classification analysis (See Figure S3.2).   

To assess the statistical significance of the classification in each group and each 
ROI, the classification results were assessed using a non-parametric technique by 
combining permutations and bootstrapping (Stelzer et al., 2013). For each subject in each 
group, the labels of the different motion directions were permuted, and the same decoding 
analysis was performed. The previous step was repeated 100 times for each subject. A 
bootstrap procedure was applied in order to obtain a group-level null distribution that was 
representative of the whole group. From each subject’s null distribution, one value was 
randomly chosen (with replacement) and averaged across all participants. This step was 
repeated 100,000 times resulting in a group-level null distribution of 100,000 values. The 
statistical significance of the MVPA results was estimated by comparing the observed 
result to the group-level null distribution. This was done by calculating the proportion of 
observations in the null distribution that had a classification accuracy higher than the one 
obtained in the real test. To account for the multiple comparisons, all p-values were 
corrected using Bonferroni correction. To compare the classification results across groups 
in V1, we ran a 3-way ANOVA [ROI (dorsal/ventral), Group (control/cataract-reversal), 
Hemisphere (left/right)]. Similarly, in hMT+/V5, we ran a 2-way ANOVA [group x 
hemisphere] to test for differences across groups or hemispheres.  

Correlation 

We tested whether the motion direction classification results in the cataract-
reversal patients were correlated with their behavioral performance in motion direction 
discrimination from the behavioral experiments that were done outside the MRI. To have 
one estimate from all the behavioral experiments, we calculated the average coherence level 
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across the three experiments that was estimated to give a 75% behavioral performance in 
each subject. The average coherence thresholds were then correlated with the classification 
results in bilateral V1 and MT as defined from the probabilistic atlas (L. Wang et al., 2015), 
functionally defined group-level hMT+/V5, and individually defined hMT+/V5 ROIs. 
Additionally, we tested whether the duration of visual deprivation, or visual acuity, or 
contrast sensitivity correlated with the motion direction classification results in any of the 
ROIs. The results were corrected for multiple comparisons using Bonferroni correction. 

Bayesian analysis 

Using parametric statistical analysis, our results demonstrated no difference 
between motion direction classification in hMT+/V5. To further evaluate the 
similarities/differences between the two groups, we used Bayesian statistical analysis to 
evaluate the evidence for the null hypothesis (no differences between the cataract-reversal 
patients and the controls) and the alternative hypothesis (the presence of difference between 
the two groups) in MT (as defined from the probabilistic atlas (L. Wang et al., 2015), the 
functionally defined group-level, and individually-defined hMT+/V5 ROIs in each 
hemisphere. The Bayes factor (BF) values obtained from the analysis represent a measure 
of how strongly the data supports either the null hypothesis or the alternative hypothesis. A 
BF less than 1 provides moderate evidence for the null hypothesis, while a high BF (more 
than 3) provides strong evidence for the alternative hypothesis (Wagenmakers et al., 2010; 
Wetzels et al., 2011). The Bayesian analysis was performed using JASP (JASP Team, 
2020). 

Split-half correlation analysis  

In addition to the pattern classification, we investigated how stable is the 
representation of individual motion directions in the visual motion network. To test for the 
stability of the elicited activity patterns in the early visual area (V1) and the higher order 
visual area MT, we used the ROIs defined from the probabilistic atlas (L. Wang et al., 
2015) to perform a split-half correlation analysis (Haxby et al., 2001). The t-maps of the 
odd and even runs were averaged separately resulting in one t-map per motion direction for 
the odd runs, and one t-map per direction for the even runs. We used Pearson’s correlation 
as a measure of similarity. In each participant, we correlated the activity patterns of each 
motion direction in the odd runs with the patterns from the even runs. The correlation of the 
four motion directions was then averaged resulting in one correlation value which was 
indicative of the pattern stability in each ROI and in each subject in each group. The 
correlation values were Fisher-transformed to fulfil the assumption of normality to perform 
parametric statistical tests on the correlation data. For each group, the Fisher-transformed 
correlation values were tested against zero using a one-sample t-test. Results were corrected 
for multiple comparisons using FWE-correction. For each ROI, V1 and MT, a 2-way 
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ANOVA was implemented with hemisphere (left/right), and group (cataract-reversal 
patients/controls) as factors. The same analysis was also performed in the individually-
defined hMT+/V5 ROIs.  

Structural analysis  

We investigated whether there were morphometric differences (surface area, 
cortical thickness or cortical volume) between the cataract-reversal patients and the 
matched controls in V1 and MT (as defined in freesurfer (Fischl et al., 2008; Hinds et al., 
2008)). Structural morphometric analysis was performed in freesurfer 
(www.surfer.nmr.mgh.harvard.edu). The automated reconstruction of the structural T1-
weighted images included the removal of non-brain structures, intensity normalization 
(Sled et al., 1998), segmentation of white and gray matter tissue (Fischl et al., 2004a, 
2004b), topology correction (Fischl et al., 2001), and cortical surface reconstruction. The 
cortical thickness was calculated as the average shortest distance between the Grey 
matter/white matter boundary and pial surface across the cortical mantle. The cortical 
volume was obtained by multiplying the surface area by cortical thickness (Fischl & Dale, 
2000). To compare the two groups in V1 and MT for each of the morphometric measures, a 
2-way ANOVA was implemented with hemisphere and group as factors. 

Experiment III (Resting-State) 

Participants  

Eleven cataract-reversal patients (7 males, mean age ± SD= 26.82 ± 6.08 years, 
age range= 19 – 35 years; 9 of the 11 cataract-reversal patients participated in experiment I 
and II) and fifteen matched controls (7 males, mean age ± SD= 25.47 ± 4.36 years, age 
range= 17 – 36 years) participated in the experiment.  

MRI acquisition 

Structural high-resolution T1-weighted MPRAGE scans were acquired using 
parallel imaging (GRAPPA factor = 2). The acquisition parameters for the T1 images 
included a TR of 2300 ms, TE = 2.62 ms, voxel size = 1 mm isotropic voxels, number of 
slices=192, and a flip angle of 9°. Functional scans included 240 T2*-weighted echoplanar 
BOLD images for the resting state experiment. Acquisition parameters included 
simultaneous interleaved multi-slice acquisition using parallel imaging (GRAPPA factor = 
2), TR=2250 ms, TE=30ms, voxel-size = 3 x 3 x 3.5 mm, number of slices=37, flip angle= 
90°, and echo-spacing 0.72 ms. The first four initial scans were discarded to allow for 
equilibrium magnetization. 
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Regions of interest: ROIs were defined from the results of experiment I. 
The ROIs included hMT+/V5 defined from the conjunction analysis, and the early visual 
cortex where differences between the groups were observed. The ROIs in each hemisphere 
were defined by creating a 10-mm sphere centered around the peak coordinates of these 
regions as defined from experiment I. Additionally, we included the lateral geniculate 
nucleus (LGN) as a possible alternative sub-cortical route for information to reach 
hMT+/V5. The LGN ROI was defined from the Jülich brain atlas (Eickhoff et al., 2005).  

Resting-state functional connectivity analysis 

The preprocessing steps were identical to the performed steps in experiment 1. 
However, since functional connectivity measures are highly sensitive to motion (Power et 
al., 2012; Satterthwaite et al., 2012; Van Dijk et al., 2012), we implemented a scrubbing 
approach using Artifact detection tools (ART; www.nitrc.org/projects/ 
artifact_detect) to identify outlier volumes that had a difference in scan-to-scan global 
intensity more than 9 standard deviations away from the mean global brain signal, or 
volumes that had more than 2 mm of scan-to-scan composite motion.  

A component-based noise correction (Compcorr) (Behzadi et al., 2007) strategy 
was implemented to control for nuisance effects and physiological noise. Motion 
parameters and their first derivatives, and outlier time points that were defined from the 
scrubbing approach were included as first level covariates to remove the variance related to 
head motion. Linear detrending and a band-pass filter of 0.008-0.09 Hz was applied to the 
functional data. First level analysis was performed in the CONN functional connectivity 
toolbox (Whitfield-Gabrieli & Nieto-Castanon, 2012) to investigate functional connectivity 
changes within-subject. Pearson's correlation coefficient was used as a measure of 
functional connectivity. Age was added as a second-level covariate of no interest in all 
analyses to rule out the effect of age on the connectivity changes between groups 

ROI-to-ROI functional connectivity 

The ROIs included in the analyses were the early visual cortex, hMT+/V5, and the 
LGN in each hemisphere (total number of ROIs= 6). The bold time series from each ROI 
was extracted by averaging the unsmoothed functional time series from all the voxels 
within the ROI. The time series from the seed region was correlated with the rest of the 
ROIs. The correlation coefficients were fisher transformed to fulfill the assumption of 
normality of the data and to be used for parametric statistical testing. Two-sided two-
samples t-test was performed to assess differences in the functional connectivity between 
the two groups. Results were corrected for multiple comparisons using FWE-correction for 
the number of all possible pairwise connections (n= 15).  
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Seed-to-voxel functional connectivity 

We also tested the resting-state functional connectivity of the LGN with the rest of 
the brain. It has been suggested that in the case of the damage of the early visual cortex, 
visual information can reach hMT+/V5 through subcortical routes from the LGN (Ajina, 
Pestilli, et al., 2015; Ajina & Bridge, 2018, 2019). The time series from the left and right 
LGN was extracted by averaging the signal from all the voxels in the seed ROI. The time 
series from each seed was then correlated with each voxel in the rest of the brain. The 
correlation coefficients were fisher transformed to perform second-level statistical analysis. 
A one-sample t-test was implemented to test the resting-state connectivity of the LGN in 
each group. The two groups were compared using a two-sample t-test. The statistical 
threshold was set at p<0.001 at the voxel level and FDR-corrected p<0.05 at the cluster 
level. 

Results 

Visual tests 

Assessment of visual acuity 

We investigated the visual acuity of cataract-reversal patients and their matched 
controls using the FrACT software (Table S3.1; Bach, 1996, 2006). The logMar was used 
as a measure of visual acuity. The results demonstrated a significant difference between the 
two groups (t(30) = 4.56, p = 0.0001), where the logMar values of the cataract-reversal 
patients (mean ± SD = 0.22 ± 0.17) were higher than that of the controls (mean ± SD = 0.01 
± 0.07), indicating lower acuity in the cataract-reversal patients. 

Assessment of contrast sensitivity 

We also investigated the contrast sensitivity in the cataract-reversal patients and 
their controls using FrACT (Table S3.1; Bach, 1996, 2006). The logarithm of the inverse 
Weber contrast (logCS Weber) was used as a measure of contrast sensitivity. The analysis 
demonstrated that the contrast sensitivity in the cataract-reversal patients (mean ± SD = 
1.57 ± 0.15) was lower than that in the controls (mean ± SD = 1.72 ± 0.09, t(30) = -3.26, p 
= 0.0028). 

Behavioral results: 

To assess the behavioral performance of the cataract-reversal patients in motion 
processing, we estimated the necessary coherence level to achieve 75% behavioral 
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performance in the horizontal, vertical, and plane motion discrimination. In the controls, the 
estimated thresholds were 17.93% ± 7.70% for horizontal motion discrimination, 17.14% ± 
6.37% for vertical motion discrimination, and 16.43% ± 3.97% for plane motion 
discrimination. For the cataract-reversal group, the estimated thresholds were 42.99% ± 
21.27% for horizontal motion discrimination, 39.43% ± 14.41% for vertical motion 
discrimination, and 30.99% ± 11.08% for plane motion discrimination. The mixed ANOVA 
indicated a main-effect of condition (F(2,60)= 4.83, p=0.021), a main effect of group 
(F(1,30)= 37.69, p<0.001), and no interaction (F(2,60)= 3.014, p=0.075). The post-hoc 
analyses indicated that the coherence thresholds for the plane discrimination (mean ± SD = 
23.25% ±10.86%) was significantly lower than the horizontal discrimination (mean ± SD = 
29.67% ± 19.91%; t(31)= -3.04, p= 0.0143; FWE-corrected). When comparing the two 
groups across the combined motion discrimination conditions, the coherence thresholds 
necessary to achieve 75% behavioral performance in the cataract-reversal group (mean ± 
SD = 37.8% ± 16.58%) was significantly higher than the control group (mean ± SD = 
17.17% ± 6.11%; t(94)= 8.28, p= 8.33x10-13). 

Additionally, we tested whether the estimated coherence thresholds in each 
experiment correlated with the duration of visual deprivation in the cataract-reversal 
patients. We found no correlation between the duration of the visual deprivation in the 
cataract-reversal patients and the behavioral performance in the horizontal motion (R2= 
0.029, adjusted-R2= -0.045, p= 0.541), vertical motion (R2= 0.024, adjusted-R2= -0.051, p= 
0.581), or the plane motion experiment (R2= 0.128, adjusted-R2= 0.061, p= 0.190).  

Experiment I: Motion selectivity 

Inside the MRI, the participants detected a brief change in the fixation cross color 
and events that were faster and shorter in duration. The controls (mean ± SD= 93.06% ± 
5.53%) and the cataract-reversal patients (mean ± SD= 85.63% ± 15.01%) performed the 
task with high accuracy. No significant difference was observed between the two groups 
(t(30)= 1.904, p = 0.07).  

We investigated which regions were recruited during global motion processing in 
the two groups. The group-level analysis indicated that both groups recruited the calcarine 
gyrus (V1), the middle temporal gyrus (hMT+/V5) bilaterally [MNI peak coordinates: -38 -
76 4 and 44 -66 2] (Figure 3.1, Table S3.3) and intraparietal regions.  When comparing 
both groups, the early visual areas within the visual motion network showed reduced 
recruitment in the cataract reversal group compared with the control group. No differences 
were observed between the two groups in the higher order visual area hMT+/V5 even at 
lenient thresholds. 
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In a supplementary analysis, we also investigated whether the differences between 
the two groups could be a result of a reduced recruitment of the visual cortex in the 
cataract-reversal patients when processing any visual stimuli. When comparing the two 
groups when processing visual static stimuli, no differences were observed in the early 
visual cortex even at lenient thresholds. Differences between the two groups in the early 
visual cortex only appeared when processing visual motion stimuli demonstrating that the 
differences between the two groups are related to motion processing (Fig S3.1). 

 

Figure 3.1 Univariate results from the motion selectivity experiment. 
The univariate results for the contrast [motion > static] in [A] the control and [B] the cataract-
reversal group showing the recruitment of the visual motion network including the early visual areas 
and the higher-order visual area hMT+V5. Results are FWE corrected at statistical threshold of 
p<0.05 and displayed on an inflated brain (Marcus et al., 2013). [C] The comparison between the 
two groups demonstrated reduced recruitment of the early visual cortex in the cataract-reversal 
patients. Results are corrected for multiple comparisons using threshold free cluster enhancement 
(TFCE) at a statistical level of p<0.05 (FWE-corrected). [D] Beta parameter extraction was 
performed in the early visual cortex (V1), where a significant difference between the two groups was 
observed, and in hMT+/V5 as defined from the group-level conjunction analysis. A sphere of 5-mm 
radius was created around the group-level coordinates and the mean beta parameter estimates were 
extracted. The beta parameter estimates are for illustration purposes. No statistical analysis was 
performed to avoid circularity as these regions were defined from the univariate analysis. 
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Correlation 

We tested whether there was a correlation between the motion selectivity and the 
duration of visual deprivation. The whole-brain regression analysis indicated that there was 
a significant negative correlation in the early visual cortex between the motion selectivity 
and the duration of visual deprivation (Figure 3.2A; Table S3.4). As the duration of visual 
deprivation increased, the motion selectivity decreased in the early visual cortex. In our 
data, we did not observe any significant correlation in the higher order visual regions (or 
hMT+/V5) even at lenient thresholds. We also tested whether there was a correlation 
between the behavioral performance in the behavioral experiment outside the scanner and 
the motion selectivity in the cataract-reversal patients. We do observe a strong trend for a 
negative correlation in the early visual cortex, but not statistically significant (Fig. 3.2B). 
This trend suggested that when the behavioral performance was worse (higher coherence 
thresholds) in the cataract reversal patients, the motion selectivity was lower in the early 
visual cortex (Figure 3.2). We also investigated whether there was a correlation between 
motion selectivity and visual acuity or contrast sensitivity in the cataract-reversal patients, 
however, we did not observe any correlation between motion selectivity and any of the 
visual measures.  

Functional connectivity analysis (PPI)  

The PPI analyses (Friston et al., 1997; Gitelman et al., 2003) investigated the 
connectivity profile of hMT+/V5 during processing motion compared to static in the 
cataract-reversal patients and the control group. As expected, hMT+/V5 showed enhanced 
connectivity with the visual motion network including the contralateral hMT+/V5 as well 
as the early visual areas in both groups. When comparing the two groups, hMT+/V5 
showed reduced connectivity with the early visual cortex in the cataract-reversal group 
(Figure 3.3, Table S3.5). V1 showed a non-significant trend for reduced contralateral V1 
connectivity (Figure 3.3, Table S3.5).  
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Figure 3.2 Correlation analysis in the cataract-reversal patients. 
The correlation results between the motion selectivity [motion > static] and the duration of visual 
deprivation was statistically significant in the early visual cortex. The correlation in the significant 
cluster in the early visual cortex is visualized in the lower panel (no statistical analysis was applied).  
[B] The correlation between the motion selectivity [motion > static] and the behavioral performance 
was not significant, however, a trend was observed in the early visual cortex. The visualization of this 
trend is presented in the lower panel. The results are displayed at p<0.005 uncorrected.  
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Figure 3.3 PPI Analysis in the motion selectivity experiment. 
The PPI analysis was performed using the early visual cortex (V1), hMT+/V5, and LGN as seed 
regions. Regions showing increased task-based functional connectivity with the seed region for the 
contrast [motion > static] in the controls and the cataract-reversal patients are displayed in warm 
colors. Results are displayed at p<0.001 uncorrected (minimum cluster size = 20). The third column 
displays the group comparison with the contrast [control > cataract] in warm colors, and the 
contrast [cataract > controls] in cold colors. Results are displayed at p<0.005 uncorrected 
(minimum cluster size = 20). L, left hemisphere; R, right hemisphere. 

Retinotopic motion selectivity 

We tested whether the deficits in visual motion processing in V1 in the cataract-
reversal patients were retinotopically-specific. We divided V1 into four sub-modules 
(foveal, para-foveal, peripheral, far-peripheral V1 ROIs), and extracted the beta parameter 
estimates for the different conditions and groups (Figure 3.4). The ANOVA results showed 
significant main effects of group (F(3,240)=6.332, p=0.013), condition (F(3,240)=130.268, 
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p<0.001), and eccentricity (F(3,240)= 141.305, p<0.001). There was also significant group 
x condition (F(1,240)=10.345, p=0.001), and condition x eccentricity (F(3,240)= 11.080, 
p<0.001) interactions. However, the group x eccentricity (F(3,240)=0.031, p=0.993) and 
the group x condition x eccentricity interactions (F(3,240)=0.471, p=0.703) were not 
significant. Post-hoc analysis demonstrated the beta estimates for the static condition 
(collapsed across different eccentricities) were not significantly different in the cataract-
reversal patients and the controls (P>0.05). The beta estimates (collapsed across different 
eccentricities) for the motion condition were significantly higher than the static condition in 
both groups (p<0.001, FWE corrected). More importantly, the beta estimates from the 
motion condition (collapsed across different eccentricities) were significantly higher in the 
controls than in the cataract-reversal patients (p<0.001, FWE corrected). These results 
altogether, highlight that the deficits in visual motion processing are attributed to motion 
per se, and not to visual stimuli (as demonstrated by the absence of difference in the static 
condition) or eccentricity. 

 

Figure 3.4 Beta parameter estimates for different retinotopic regions in V1. 
An illustration of the extracted beta parameter estimates for the motion and static conditions in the 
cataract-reversal patients and the controls from different retinotopic (foveal, parafoveal, peripheral, 
far peripheral) regions in V1. 
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Experiment II: Directional motion decoding experiment 

In the directional motion decoding experiment, the participants detected a brief 
change in the fixation cross color, and events that were faster and shorter in duration than 
the normal events. The controls (mean ± SD= 93.74% ± 11.50%) and the cataract-reversal 
patients (mean ± SD= 88.13% ± 14.55%) performed the task with high accuracy. No 
difference was observed between the two groups (t(30)= 1.217, p = 0.233). 

We tested whether we can predict the perceived motion direction from the activity 
patterns in V1 and the higher-order visual region MT using ROIs defined from an 
independent probabilistic atlas (L. Wang et al., 2015). Motion direction classification was 
significantly above chance in V1 in both hemispheres and in both groups. For the left MT, 
motion direction decoding was significantly above chance in both groups. In the right MT, 
it was significant only in controls (Table S3.6, Figure 3.5). The ANOVA results in V1 
indicated a main effect of group (F(1,60)= 5.341, p= 0.024), and no effect of hemisphere 
(F(1,60)= 0.107, p=0.744) or group x hemisphere interaction (F(1,60)= 0.032, p= 0.859). 
Post-hoc analysis indicated that the motion direction classification in V1 (collapsed across 
hemispheres) in the cataract-reversal group (mean ± SD = 33.08% ± 9.84%) was 
significantly lower than in the control group (mean ± SD = 39.93% ± 13.02%; t(62)=-2.35, 
p= 0.022). For MT, the ANOVA revealed no effect of group (F(1,60)= 0.15,p=0.697), 
hemisphere (F(1,60)= 2.16, p= 0.147), or an interaction (F(1,60)=0.25,p=0.621). 

 

Figure 3.5 MVPA results from the directional motion experiment in V1 and MT. 
The multi-class classification results in the cataract-reversal patients and the controls in V1 and MT 
as defined from the probabilistic atlas (L. Wang et al., 2015). The classification results were higher in 
V1 (collapsed across regions and hemispheres) in the controls than in the cataract-reversal patients. 
No differences were observed in MT. Chance level is 25%. L: Left, R: Right. 
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Control Analysis 1: Group-level hMT+/V5 ROI 

The MVPA analysis indicated that reduced motion information was present in the 
cataract-reversal patients only in V1 and not MT. It could be argued that no difference was 
observed in MT due to lower power as a result of the lower number of features (voxels) in 
the left (n=57) and right MT (n=29) ROIs compared with the V1 ROIs. To control for the 
number of features, we functionally defined the higher-order motion area hMT+/V5 from 
the group-level analysis from the motion selectivity experiment. The number of features in 
the 10-mm spherical hMT+/V5 ROIs (n=515) was comparable to the number of features 
(n=500) used in the motion direction classification in V1. The classification results in the 
group-level defined hMT+/V5 were significantly above chance in both groups (p<0.001, 
FWE-corrected). The ANOVA revealed no effect of group (F(1,60)=0.46, p=0.5), 
hemisphere (F(1,60)=1.63, p=0.206), or an interaction (F(1,60)=0.74, p=0.394). We also 
varied the number of voxels of the hMT+/V5 ROIs by changing the size of the ROI spheres 
from 4 mm to 10 mm radius. No differences were observed between the two groups (Figure 
3.6A). 

Control Analysis 2: Individual-level hMT+/V5 ROI 

Due to the variability in the anatomical location of hMT+/V5 (Dumoulin et al., 
2000; Huk et al., 2002), we also performed another control analysis where we defined 
hMT+/V5 in each subject individually. The classification results in the individually-defined 
hMT+V5 in both hemispheres were significantly above chance in both groups (p<0.001, 
FWE-corrected). The ANOVA revealed no effect of group (F(1,60)=0.01, p= 0.919), 
hemisphere (F(1,60)=0.63,p=0.432), or an interaction (F(1,60)=0,p=0.964). Also, when 
testing different sizes (from 4 mm to 10 mm radius) of individually-defined hMT+/V5 
ROIs, no differences were observed between the two groups (Figure 3.6B).  

Correlation 

We tested whether, in the cataract-reversal patients, the duration of visual 
deprivation, or the motion direction discrimination threshold, or visual acuity or contrast 
sensitivity correlated with the motion direction classification results in V1 and MT (defined 
from the probabilistic atlas (L. Wang et al., 2015)), the functionally-defined group-level 
hMT+/V5, and the individually-defined hMT+/V5 ROIs. We did not observe a significant 
correlation between any of these factors and the motion direction classification results in 
any of the ROIs (p>0.05; Figure S3.3- S3.6).  
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Figure 3.6 MVPA results from the directional motion experiment in the functionally-defined 
hMT+/V5. 
The multi-class classification results in the cataract-reversal patients and the controls in [A] 
hMT+/V5 that was defined on the group-level and in [B] individually-defined hMT+/V5. We also 
performed the analysis using spherical ROIs with different sizes (4 mm to 10 mm radius), and 
therefore different number of features. No differences between the two groups were observed. Chance 
level is 25%. L: Left, R: Right. 

Bayesian analysis 

The previous results using parametric statistical methods found no difference 
between the cataract-reversal patients and the controls in hMT+/V5. To investigate whether 
the data provides evidence for similar decoding accuracy in hMT+/V5 in the cataract-
reversal patients and the controls, we used Bayesian statistics to compare the two groups. 
The analysis was performed in MT (as defined from the probabilistic atlas (L. Wang et al., 
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2015), the functionally defined group-level, and individually-defined hMT+/V5 ROIs in 
each hemisphere. The BF from the left (BF= 0.335) and right MT (BF= 0.415), as defined 
from the probabilistic atlas, provided evidence for the null hypothesis (no difference 
between the two groups). Similarly, the BF from the left (BF= 0.536) and right group-level 
hMT+/V5 (BF= 0.339), and the left (BF= 0.338) and right individually-defined hMT+/V5 
(BF= 0.337) were in favor of the null hypothesis demonstrating evidence for similar motion 
direction decoding accuracy in the two groups. 

Split-half correlation 

We tested the stability of the elicited activity patterns in the early visual area (V1) 
and the higher-order visual motion area (MT), defined from the probabilistic atlas (L. Wang 
et al., 2015), in the controls and the cataract-reversal patients using split-half correlation 
(Haxby et al., 2001). The SHC was highly significant in all ROIs and in all groups 
(p<0.001; FWE-corrected; Figure 3.7A, B). The ANOVA in the V1 ROIs revealed a main 
effect of group (F(1,60)= 5.05, p= 0.028), and no effect of hemisphere (F(1,60)= 0.01, p= 
0.921), or and interaction between the two (F(1,60)= 0.3, p= 0.589). Post-hoc analysis 
indicated that the split-half correlation (collapsed across hemispheres) in the control group 
(mean ± SD= 1.81 ± 0.29) was higher than in the cataract-reversal patients (mean ± SD= 
1.63 ± 0.34, t(62)= 2.28, p= 0.026). The ANOVA in MT indicated no effect of group 
(F(1,60)= 0, p= 0.994), hemisphere (F(1,60)= 3.56, p= 0.064), or an interaction (F(1,60)= 
0.03, p= 0.869).  

We also tested the stability of the elicited patterns in the individually defined 
hMT+/V5 ROIs (Figure 3.7C). The SHC was highly significant in the left and right 
individually defined hMT+/V5 ROIs in both groups (p<0.001; FWE-corrected). The 
ANOVA in the individually-defined hMT+/V5 ROIs revealed no effect of group (F(1,60)= 
0, p= 0.967), hemisphere (F(1,60)= 0.44, p= 0.508), or an interaction (F(1,60)= 1.28, p= 
0.262). 
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Figure 3.7 Split-half correlation results. 
The split-half correlation measured the stability of the patterns across the odd and the even runs in 
the controls and the cataract-reversal patients. The Fisher-transformed correlation values are plotted 
in each group in V1 and MT as defined from the probabilistic atlas (L. Wang et al., 2015), and from 
the individually and functionally defined hMT+/V5.   

Structural analysis  

We investigated whether there were structural differences between the cataract-
reversal patients and their matched controls in V1 and MT. We tested whether there were 
differences between the two groups in cortical thickness, surface area, and gray matter 
volume (Figure 3.8). In V1, the cortical thickness analysis found no effect of group 
(F(1,60)= 1.018, p=0.317), hemisphere (F(1,60)= 1.472, p=0.230), or an interaction 
between the two factors (F(1,60)= 0.048, p=0.828). Similarly, for the surface area, no effect 
of group (F(1,60)=0.013 , p=0.909), hemisphere (F(1,60)=1.885 , p=0.175), or an 
interaction (F(1,60)= 0.357, p=0.553) was observed. For the gray matter volume, there was 
no effect of group (F(1,60)= 0.032, p=0.859), hemisphere (F(1,60)=3.235 , p=0.077), or an 
interaction (F(1,60)= 0.550, p=0.461). In MT, the cortical thickness analysis found no 
effect of group (F(1,60)= 2.420, p=0.125), hemisphere (F(1,60)= 0.669, p=0.417), or an 
interaction (F(1,60)= 1.939 x10-4, p=0.989). For the surface area, no effect of group 
(F(1,60)= 0.002, p=0.964), hemisphere (F(1,60)= 0.851, p=0.360), or an interaction 
(F(1,60)= 0.011, p=0.915) was observed. For the gray matter volume, there was no effect of 
group (F(1,60)= 0.569, p=0.454), hemisphere (F(1,60)=0.049 , p=0.825), or an interaction 
(F(1,60)= 0.007, p=0.933). In summary, no structural differences between the two groups 
were observed in any of the morphometric measures in V1 or MT.  
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Figure 3.8 Structural analysis results 
The structural morphometric analysis investigated differences between the cataract-reversal patients 
and their controls in [A] cortical thickness, [B] surface area, or [C] gray matter volume in V1 and 
MT. No differences between the two groups were observed in any of the structural measures in V1 
and MT. L: left, R: right. 
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Experiment III: Resting-state  

In this experiment, we investigated the resting-state functional connectivity 
(Biswal et al., 1995) between different regions within the visual network. We used an ROI-
to-ROI approach to test for changes in the functional connectivity between the early visual 
cortex, hMT+/V5, and the LGN. The LGN was included in the analysis as it was suggested 
that visual information reaches hMT+/V5 in the case of V1 damage through the LGN 
(Ajina, Pestilli, et al., 2015; Ajina & Bridge, 2018, 2019). The ROI-to-ROI functional 
connectivity results demonstrated that the cataract-reversal group showed reduced inter-
hemispheric connectivity in the early visual cortex compared with the matched controls 
(t(24)=-3.41, p= 0.035, FWE-corrected, Figure 3.9).  

 

Figure 3.9 Resting-state functional connectivity analysis. 
[A] The ROI-to-ROI analysis included V1, hMT+/V5, and the LGN in each hemisphere. The arrows 
represent all possible pairwise correlations between each pair of ROIs. The resting-state functional 
connectivity analysis indicated that when comparing the cataract-reversal patients with their matched 
controls, the cataract-reversal patients showed reduced connectivity between the left and right V1 
(highlighted in red). [B] A bar plot of the average correlation values between the left and right V1 in 
the cataract-reversal patients and their matched controls. L: Left, R: Right. 

Additionally, the seed-to-voxel analysis in the left LGN demonstrated a strong 
significant correlation with the early visual cortex. Oppositely, no significant correlation 
was observed between the LGN and the early visual cortex in the cataract-reversal patients 
(Figure 3.10). However, no significant differences were observed between the two groups. 
These results are in line to that obtained from the task-based functional connectivity during 
processing motion information.  
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Figure 3.10 Resting-state seed-to-voxel functional connectivity. 
The seed-to-voxel analysis results indicated that the left LGN was connected to the early visual cortex 
in the controls but not in the cataract-reversal patients. Results are displayed at p<0.001 at the voxel 
level and FDR-corrected p<0.05 at the cluster level. 

Discussion 

In this study we aimed to investigate the impact of a brief period of visual 
deprivation early in life on the development of the visual motion network. Our results 
demonstrated reduced preferential responses to moving information in the early visual 
cortex in the cataract-reversal patients compared with controls that negatively correlated 
with the period of visual deprivation. No differences were observed in the higher-order 
visual motion area hMT+/V5. Similarly, our MVPA results revealed reduced motion 
direction information in the early visual cortex in the cataract-reversal patients with no 
difference between the two groups in hMT+/V5.  

Animal studies in kittens suggested that a brief visual deprivation during the first 
six weeks of life leads to permanent deficits in the perception of global motion (Mitchell et 
al., 2009). Studies with humans who had a history of transient congenital bilateral cataract 
also demonstrated that visual deprivation during the first year in life led to deficits in global 
visual motion processing (Ellemberg et al., 2002; Hadad et al., 2012). Our results replicated 
these findings and showed that the lack of visual experience during the first year of life had 
a strong influence on the behavioral performance in motion processing despite having a 
long period of visual experience following the cataract-removal. The previously mentioned 
studies hypothesized that the deficits in global motion processing are most likely attributed 
to the extra-striate motion area hMT+/V5 (Ellemberg et al., 2002; Hadad et al., 2012; 
Mitchell et al., 2009). The authors concluded that visual experience very early in life is 
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necessary for the typical development of hMT+/V5 to process global motion information. 
Additionally, they hypothesized that, similar to the early visual cortex, there is a sensitive 
period early in life in which visual deprivation, even for a short period, could negatively 
impact the development of hMT+/V5 (Mitchell et al., 2009), 

We investigated the impact of brief early visual deprivation in cataract-reversal 
patients on the visual motion network. Our data suggests that early and brief visual 
deprivation has a more pronounced effect on the early visual areas (V1), with hMT+/V5 
showing resilience to visual deprivation. In the motion selectivity experiment (Experiment 
1), when processing visual motion stimuli compared with visual static stimuli, the cataract-
reversal patients showed reduced recruitment of the early visual cortex compared with their 
matched controls. The reduced recruitment of the early visual cortex in the cataract-reversal 
patients correlated negatively with the duration of the visual deprivation. Interestingly, no 
differences between the two groups were observed in hMT+/V5. In the directional motion 
experiment (Experiment 2), we investigated the representation of individual motion 
directions in V1 and hMT+/V5 in the cataract-reversal patients and their matched controls. 
Using sensitive techniques as MVPA could potentially allow us to capture subtle 
differences between the two groups that might be inaccessible using univariate analysis. 
Our results demonstrated that while the perceived motion direction could be predicted from 
the activity patterns from V1 and hMT+/V5, there was reduced motion direction 
information in the cataract-reversal patients compared with controls only in V1. No 
differences were observed between the two groups in hMT+/V5. Additionally, using split-
half correlations, we looked at the stability of elicited activity patterns in V1 and hMT+/V5 
when processing motion directions. Our results demonstrated that while there was no 
difference between the pattern stability in the two groups in hMT+/V5, the elicited activity 
patterns in V1 were less stable in the cataract-reversal patients compared with the controls. 
Contrary to previous suggestions (Mitchell et al., 2009), these results altogether 
demonstrate that early brief visual deprivation has a more pronounced effect on the early 
visual areas than on hMT+/V5. 

Could the observed differences in the early visual cortex be attributed to acuity (T. 
L. Lewis et al., 1995; Maurer & Lewis, 2001) or other visual properties not related to 
motion? Our beta parameter estimates in the early visual cortex demonstrated that there was 
no difference between the two groups in the static condition (Figure 3.1D and Figure 3.4). 
Moreover, when comparing the two groups when processing visual static stimuli, no 
differences were observed in the early visual cortex. Differences between the groups were 
only observed when processing motion information (Figure 3.4 and Figure S3.1). 
Therefore, these results eliminate the possibility that the differences in the early visual 
cortex could be due to reduced recruitment to visual stimulation or lower acuity in the 
cataract-reversal patients.  
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When does direction selectivity emerge in the early visual cortex? It was 
suggested that visual experience is needed for ferrets in order to develop direction selective 
responses in the early visual cortex. This was unique to direction selectivity but not to 
orientation or ocular dominance (Y. Li et al., 2006). In humans, infants up to two months 
are not sensitive to changes in motion direction on the behavioral level (Wattam-Bell, 
1996) or with neurophysiological recordings (Braddick et al., 2005). This suggests that 
visual experience early in life is most likely necessary for the development of motion 
direction selective neurons in the early visual cortex. Our results go in line with these 
suggestions as a brief period of early visual deprivation impacted the processing and the 
representation of motion direction information in the early visual cortex. 

These results raise an important question. Most of the input arriving to hMT+/V5 
comes from highly myelinated direct feed-forward connections from V1 (Felleman & Van 
Essen, 1991; Maunsell & van Essen, 1983; Rockland, 1989, 1995). How does hMT+/V5 
show a similar response profile in the two groups despite having major deficits in the early 
visual cortex in the cataract-reversal patients. Moreover, our results demonstrated that when 
processing motion information, the cataract-reversal patients, compared to the controls, 
showed reduced functional connectivity between hMT+/V5 and the early visual cortex. We 
speculate that motion information arrives to hMT+/V5 through alternative pathways 
bypassing V1. Even in the case of V1 damage, hMT+/V5 can still respond to visual 
information (Ajina, Kennard, et al., 2015), which could be mediated through sub-cortical 
routes (Lin et al., 1974; Maunsell & van Essen, 1983; Rodman et al., 1989; Sincich et al., 
2004). Individuals with blindsight who had severe damage in their primary visual cortex 
can perceive visual information in their blind hemifield (Stoerig & Cowey, 1997; 
Weiskrantz et al., 1974). It has been demonstrated that blindsight is attributed to intact 
connections between the lateral geniculate nucleus and hMT+/V5 (Ajina, Pestilli, et al., 
2015; Ajina & Bridge, 2018, 2019). In our results, we did not observe a statistically 
significant difference between the two groups in the LGN-hMT+/V5 connectivity. Future 
studies with more appropriate methodological techniques should address the possible 
reorganization in sub-cortical routes for motion processing in the cataract-reversal patients.  

The maladaptive consequences of brief early visual deprivation on the early visual 
cortex were not limited to performing a visual motion task. Even during rest and without 
performing any visual task, the resting-state connectivity of the early visual cortex was 
reduced across hemispheres in the cataract-reversal patients adding more evidence for the 
permanent plastic changes in the early visual cortex following brief early visual 
deprivation. We also investigated whether there were structural changes in the early visual 
cortex as suggested in a previous study (Guerreiro, Erfort, et al., 2015), however, in our 
data, we did not observe structural differences between the groups. 
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What drives the plastic changes in the early visual cortex following early visual 
deprivation? It was suggested that early visual deprivation affects the synaptic pruning 
occurring in the occipital cortex early in life (Bourgeois et al., 1989) leading to changes in 
the organization and the development of the occipital cortex (Amedi et al., 2003; Bedny et 
al., 2011; Büchel et al., 1998; Pietrini et al., 2004; Sadato et al., 1996). Due to early visual 
deprivation, the occipital cortex in the early blind is recruited during auditory processing 
(Bedny et al., 2010; Collignon et al., 2007; Dormal et al., 2016; Weeks et al., 2000). 
Similarly, the cataract-reversal patients showed enhanced recruitment in the cuneus 
compared to controls when processing auditory information (Collignon et al., 2015). 
However, in contrast to the massive reorganization of the visual motion system in the early 
blind including low-level and high-level visual motion areas, the reorganization in the 
cataract-reversal patients to process auditory information was limited to the early visual 
areas and not hMT+/V5 (Collignon et al., 2015). This is in line with our findings where the 
functional recruitment of the visual motion network was reduced only in the early visual 
areas and not the higher-order motion area hMT+/V5. The functional recruitment of the 
early visual cortex in the cataract-reversal patients correlated negatively with the duration 
of visual deprivation. This suggests that the reduced efficiency of visual processing in early 
visual areas could potentially relate to enhanced auditory processing (Bottari et al., 2018) 
and cross-modal reorganization of the visual system (Collignon et al., 2015). 

One limitation in our study is that we could not record the eye position inside the 
fMRI scanner. However, the analysis of the MRI signal from the eyes (Beauchamp, 2003) 
in the motion selectivity experiment showed no difference between the two groups (See 
supplementary materials). In the directional motion decoding experiment, the cataract-
reversal patients had more variability in the MRI signal from the eyes compared with 
controls (Figure S3.7). However, it is unlikely that our results from the directional motion 
decoding experiment could be explained by eye movements. The variability of the signal 
from the eyes was not different across different motion directions. Therefore, a decoder 
wouldn’t benefit from this information to discriminate different motion directions. 
Additionally the signal/activity in submodules of hMT+/V5 (as MT and MST) is modulated 
by eye movements (Chukoskie & Movshon, 2009; Komatsu & Wurtz, 1988; Petit & 
Haxby, 1999a). If more variable eye movements in the cataract-reversal patients will 
impact the classification of motion directions, then we should observe differences between 
the two groups in the motion direction classification in hMT+/V5, however, this was not 
the case. Additionally, we tested whether we can predict the perceived motion directions 
from the recorded signals from the eyes, however, it was not significant (See 
supplementary materials, Figure S3.8). 

The reduced functional recruitment, and the reduced motion direction information 
in the early visual cortex in the cataract-reversal patients indicated that the most 
pronounced effects are in the early visual areas rather than hMT+/V5. Does that mean that 
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the function of hMT+/V5 is not affected at all? In our fMRI experiments, we used RDKs 
with 100% coherence to provide an optimum condition for the classifier to discriminate the 
motion directions with no noise. It is possible that if the same task was performed at 
different difficulty levels with lower motion coherence, we might observe reduced motion 
information in hMT+/V5 in the cataract-reversal patients. However, this hypothesis remains 
to be tested.  

In summary, our data suggests that brief and early visual deprivation has a region-
specific impact on the functional development of the early visual cortex while hMT+/V5 
shows resilience. 
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Supplementary materials 

 

 

Figure S3.1 Supplementary analysis for the motion selectivity experiment. 
The univariate results for [A] the contrast [static > baseline] and [B] the contrast [motion > 
baseline] when comparing the control group and the cataract-reversal patients. Warm colors indicate 
reduced recruitment in the control group and cold colors indicate enhanced recruitment in the 
cataract-reversal patients. Results are displayed at a lenient threshold of p<0.01 uncorrected. The 
results demonstrate no differences between the two groups in the early visual cortex when processing 
static stimuli. Reduced recruitment of the early visual cortex in the cataract reversal patients is 
observed when processing motion stimuli.  
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Figure S3.2 Effect of varying the number of features on motion direction decoding in V1 
In the directional motion decoding experiment, we investigated the effect of varying the number of the 
features (from 200 to 600 voxels) on the motion direction decoding in the [a] left and [b] the right V1. 
The results demonstrate that while the motion direction classification was significantly above chance 
in V1 in both groups and both hemispheres, the motion direction classification was consistently 
higher in the controls than in the cataract-reversal patients.  
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Figure S3.3 Correlation between the duration of visual deprivation and motion direction 
classification. 
The correlation results between the duration of visual deprivation and the motion direction 
classification in bilateral V1, MT (as defined from the probabilistic atlas), the functionally-defined 
group-level hMT+/V5, and the functionally individually-defined hMT+/V5. Results are corrected for 
multiple comparisons using FWE-correction. 
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Figure S3.4 Correlation between the behavioral motion direction discrimination threshold and 
motion direction classification. 
The correlation results between the behavioral motion direction discrimination threshold and the 
motion direction classification in bilateral V1, MT (as defined from the probabilistic atlas), the 
functionally-defined group-level hMT+/V5, and the functionally individually-defined hMT+/V5. 
Results are corrected for multiple comparisons using FWE-correction. 
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Figure S3.5 Correlation between visual acuity and motion direction classification. 
The correlation results between the visual acuity and the motion direction classification in bilateral 
V1, MT (as defined from the probabilistic atlas), the functionally-defined group-level hMT+/V5, and 
the functionally individually-defined hMT+/V5. Results are corrected for multiple comparisons using 
FWE-correction. 
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Figure S3.6 Correlation between contrast sensitivity and motion direction classification. 
The correlation results between contrast sensitivity and the motion direction classification in bilateral 
V1, MT (as defined from the probabilistic atlas), the functionally-defined group-level hMT+/V5, and 
the functionally individually-defined hMT+/V5. Results are corrected for multiple comparisons using 
FWE-correction. 
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Figure S3.7 Variability of the MRI signal from the eyes. 
The MRI signal from the eyes becomes more variable during performing eye movements (Beauchamp, 
2003). To test for eye movements, we extracted the signal from the left and right eye during the 
stimulation blocks in each subject. [A] In the motion selectivity experiment, we extracted the signal 
from the eyes during the motion and the static blocks. The ANOVA revealed no effect of group 
(F(1,120)= 2.48, p= 0.118 ), ROI (F(1,120)= 0.14, p= 0.714), condition (F(1,120)=0.86, p=0.355) , 
or any significant interaction (p>0.05). [B] In the directional motion decoding experiment, the 
signals from the eyes were extracted for each motion block in each direction, run, and subject. The 
ANOVA revealed only a significant effect of group (F(1,240)= 6.61, p= 0.011), and no effect ROI 
(F(1,240)=0.51, p= 0.474), condition (F(3,240)=0.26, p=0.855 ), or any significant interaction 
(p>0.05). The standard deviation of the signal from the eyes (collapsed across directions and 
hemispheres) was significantly lower in the controls (mean ± SD= 0.9023 ± 0.5996) than the 
cataract-reversal patients (mean ± SD= 1.1281 ± 0.7691, t(254)= -2.63, p = 0.0089). 
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Figure S3.8 Motion direction decoding from the eyes. 
We tested whether we could predict the perceived motion direction from the recorded activity from 
eyes. A 10 mm sphere was created for the left [MNI coordinates: -31 52 -44] and right eye [MNI 
coordinates: 34 50 -44]. The analysis procedure is identical to that described in the methods section 
for the multivariate pattern classification analysis in the directional motion decoding experiment. The 
motion direction classification analysis was not significant in any of the groups or the ROIs (all 
p>0.05). L: left, R: right.  
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  Age Gender Hand 
dominance 

Age at 
diagnosis 

(days) 

Duration of 
deprivation 

(days) 

Acuity 
(logMar) 

Contrast 
sensitivity 
(logCS) 

cat-01 38 F R 0 44 0,17 1,33 
cat-02 27 F L 124 132 0,14 1,68 
cat-03 22 F R 82 84 0,28 1,53 
cat-04 23 M R 0 3 0,2 1,79 
cat-05 32 M R n/a 94 0,19 1,75 
cat-06 25 F R 61 65 0,31 1,7 
cat-07 26 M R 0 77 0,25 1,44 
cat-08 34 F R ~35 47 0,61 1,51 
cat-09 37 M R 142 143 0,52 1,3 
cat-10 27 F R ~90 107 0,09 1,53 
cat-11 18 F R 0 10 0,14 1,44 
cat-12 26 M R 12 21 -0,05 1,51 
cat-13 27 M R 113 118 0,26 1,63 
cat-14 23 F R 1 6 0,09 1,69 
cat-15 39 M R 122 124 0,04 1,75  

Table S3.1 Cataract-reversal patients’ information.   
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  Left hMT+/V5 Right hMT+/V5  
x y z x y z 

con-01 -42 -70 6 40 -66 8 
con-02 -44 -74 0 50 -74 2 
con-03 -46 -72 4 46 -72 2 
con-04 -46 -72 8 48 -60 4 
con-05 -38 -84 10 48 -68 2 
con-06 -42 -76 12 42 -68 6 
con-07 -46 -74 2 44 -60 2 
con-08 -42 -74 12 44 -72 6 
con-09 -46 -72 4 42 -68 0 
con-10 -44 -82 4 42 -68 6 
con-11 -40 -70 4 50 -66 6 
con-12 -44 -68 4 40 -60 6 
con-13 -46 -72 4 48 -66 6 
con-14 -46 -70 4 52 -62 0 
con-15 -44 -72 -2 50 -64 0 
con-16 -42 -72 12 52 -66 -2 
con-17 -46 -72 4 52 -64 6 
cat-01 -42 -80 6 44 -58 8 
cat-02 -46 -74 8 52 -68 0 
cat-03 -40 -78 0 46 -74 4 
cat-04 -44 -72 10 48 -66 6 
cat-05 -44 -74 0 50 -64 4 
cat-06 -42 -76 4 40 -66 6 
cat-07 -46 -80 4 46 -64 8 
cat-08 -42 -72 -4 42 -64 -2 
cat-09 -44 -70 2 46 -60 4 
cat-10 -42 -78 12 52 -62 0 
cat-11 -48 -76 4 50 -66 10 
cat-12 -40 -80 10 46 -68 0 
cat-13 -44 -80 10 46 -74 6 
cat-14 -38 -80 6 46 -66 0 
cat-15 -42 -72 -2 44 -70 -4 

Table S3.2 Peak coordinates of the individually defined hMT+/V5. 
Peak coordinates were defined in each subject from the contrast [motion > static] in motion 
selectivity experiment. Coordinates are in MNI space.  

  



Chapter 3: A brief period of postnatal visual deprivation permanently alters visual motion processing in V1 but not in V5 
 

197 

 

  cluster size peak  
t-value 

p(FWE-corr) x y z 

CONTROL 
R Lingual G 12701 17.33 0 4 -80 -4 
L V2 

 
16.8 0 -6 -76 -6 

R Lingual G 
 

16.53 0 12 -78 -10 
L hMT+/V5 311 8.35 0 -44 -72 8 
R Thalamus 61 7.36 0.001 22 -28 0 
L inf. Parietal C 121 6.81 0.003 -24 -52 50 
R Sup. Parietal C 69 6.51 0.007 24 -52 54 
R Postcentral C 1 5.68 0.045 38 -40 58 
  1 5.66 0.047 -22 -28 0 
CATARACT 
R Sup. Occipital C 9550 14.55 0 20 -88 28 
L V2 

 
13.95 0 -6 -76 -6 

R Lingual G 
 

13.06 0 4 -80 -4 
R Inf Parietal 329 7.43 0.001 30 -48 52 
R Postcentral C 

 
6.14 0.016 34 -36 38 

L Sup Parietal 16 6.14 0.016 -32 -46 56 
R Thalamus 5 6.09 0.018 26 -28 0 
CONJUNCTION 
R Sup. Occipital C 7620 14.55 0 20 -88 28 
L V2 

 
13.95 0 -6 -76 -6 

R Lingual G 
 

13.06 0 4 -80 -4 
R hMT+/V5 601 11.65 0 44 -66 2 
L hMT+/V5 143 7.13 0.002 -38 -76 4 
R Parietal C 

 
6.84 0.003 -44 -70 10 

R Parietal C 55 6.49 0.007 26 -50 52 
L Sup Parietal 12 6.09 0.018 -32 -48 54 
CONTROL > CATARACT (TFCE) 
L Middle Occip. C 3951 2266.84 0.002 -14 -98 2 
R V2 

 
2030.68 0.004 12 -80 -10 

L Lingual G 
 

2007.33 0.004 -16 -90 -16 
R Calcarine C 1216 1338.89 0.023 20 -48 2 
L Lingual G 

 
1207.5 0.032 -16 -48 -4 

R Lingual G   1172.35 0.035 16 -60 -6 

Table S3.3 Results of the univariate analysis from the motion selectivity experiment. 
For the control and the cataract-reversal groups, the results are corrected for multiple comparisons 
using family-wise error correction (FWE) across the whole brain at a significance level of p<0.05. 
For the contrast [Control > Cataract], the results are reported using threshold-free cluster 
enhancement (TFCE) at a significance level of p<0.05 (FWE-corrected). Coordinates are reported in 
MNI space. C: Cortex, G: Gyrus, L: Left, R: Right. 
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name cluster size peak T p(FWE-corr) x y z SVC 

Calcarine Gyrus 37 4.63 0.018 2 -92 2 * 

Table S3.4 Correlation between motion selectivity and duration of visual deprivation. 
Results of the correlation analysis between the duration of visual deprivation in the cataract-reversal 
patients and motion selectivity [motion>static]. The MNI coordinate [-6 -90 -2] for V1 that was used 
for the SVC was extracted using the meta-analysis tool neurosynth (Yarkoni et al., 2011). It was 
defined from a set of 101 studies. K represents the number of voxels when displayed at p<0.005 
(uncorrected). * SVC corrected. 
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name cluster size peak T p(FWE-corr) x y z {mm} SVC 
Seed: L V1 
CONTROL 
L Lingual G 2753 10.6 0 -12 -96 4 

 

L Calcarine G 
 

9.76 0 0 -90 -4 
 

R V1 
 

8.67 0 14 -88 0 
 

L hMT+/V5 91 4.09 0.01 -46 -74 4 *   
3.8 0.019 -38 -66 6 * 

R hMT+/V5 142 4.61 0.003 40 -62 2 *   
4.54 0.004 44 -66 4 * 

CATARACT 
R Calcarine G 209 4.9 0.002 10 -88 0 * 
L Calcarine G 

 
4.84 0.002 2 -90 -2 * 

R Calcarine G 
 

4.41 0.005 10 -94 12 * 
R hMT+/V5 52 3.93 0.015 46 -68 4 * 
Seed: R V1 
CONTROL 
L Lingual G 2624 9.21 0 -8 -86 -6 

 

R Calcarine G 
 

8.56 0 14 -90 2 
 

L Cuneus 
 

7.31 0.001 -12 -94 16 
 

L hMT+/V5 231 6.07 0 -46 -72 4 * 
R hMT+/V5 144 4.46 0.005 40 -62 4 *   

4.34 0.006 44 -68 4 * 
CATARACT 
L Lingual G 318 5.41 0.001 -8 -84 -6 * 
R Calcarine G 235 5.52 0 12 -88 0 *   

5 0.001 12 -92 10 * 
R hMT+/V5 137 4.28 0.007 48 -70 4 * 
    4.09 0.011 40 -66 4 * 
Seed: L hMT+/V5 
CONTROLS 
L Lingual G 2059 7.98 0 -8 -84 -4 

 

R V1 
 

7.93 0 14 -92 0 
 

L Cuneus 
 

7.22 0.002 -18 -86 2 
 

L Sup. Occipital C 161 7.57 0.001 -18 -90 26 
 

L hMT+/V5 14 6.21 0.019 -46 -74 6 
 

R hMT+/V5 283 5.4 0.001 44 -74 6 *   
5.36 0.001 44 -66 4 * 

CATARACT 
Calcarine G 401 5.58 0 2 -92 -2 * 
L Lingual G 

 
5.13 0.001 -8 -82 -4 * 

L Calcarine G 
 

5.06 0.001 -6 -88 2 * 
R V1 480 5.58 0 12 -90 -2 * 
L V1 

 
5.58 0 2 -92 -2 * 

R Calcarine 
 

5.05 0.001 12 -90 10 * 
R hMT+/V5 229 4.56 0.004 46 -66 2 *   

4.43 0.005 44 -74 6 * 
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    4.3 0.007 42 -62 -2 * 
Seed: R hMT+/V5 
CONTROL 
L Sup. Occipital C  7996 11.93 0 -20 -90 24 

 

R Calcarine G 
 

11.93 0 14 -86 -2 
 

L Lingual G 
 

11.35 0 -10 -88 -6 
 

L hMT+/V5 384 7.81 0 -46 -74 4 * 
CATARACT 
L Calcarine G 570 7.8 0.001 2 -90 -4 

 

R Calcarine G 
 

7.41 0.001 12 -88 -2 
 

R Lingual G 
 

6.62 0.008 8 -74 -4 
 

L Sup. Occipital C 180 6.97 0.003 -18 -92 24 
 

L Mid. Occipital C 
 

6.87 0.004 -18 -94 16 
 

R Calcarine G 47 6.59 0.008 12 -92 12 
 

R Fusiform G 8 6.2 0.02 26 -68 -8 
 

R hMT+/V5 2 5.99 0.033 46 -68 2 
 

R Lingual G 3 5.9 0.04 24 -86 -4 
 

L Lingual G 3 5.86 0.043 -6 -76 -4 
 

L hMT+/V5 76 4.97 0.002 -42 -78 -2 * 
CONTROL > CATARACT 
L V1 126 3.4 0.049 -14 -94 0 *   

3.38 0.05 -8 -94 -4 * 
    3.34 0.054 -12 -90 -2 * 

Table S3.5 Psychophysiological interactions (PPI) from the motion selectivity experiment. 
Results of the task based functional connectivity for the contrast [motion > static]. The seed regions 
included the early visual cortex where we observed a reduced recruitment in the cataract reversal 
patients, hMT+/V5 as defined from the conjunction analysis. The coordinates for V1 and hMT+/V5 
used for the SVC were extracted using the meta-analysis tool neurosynth (Yarkoni et al., 2011). 
Bilateral V1 [MNI coordinates: -6 -90 -2 and 10 -94 2] was defined from a set of 101 studies. Left 
and right hMT+/V5 [MNI coordinates: -46 -70 2 and 48 -66 4] were defined from 106 studies. K 
represents the number of voxels when displayed at p<0.001 (uncorrected). * SVC corrected, L: left, 
R: right, G: gyrus, C: cortex. 
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Motion direction decoding  

V1 defined from the Probabilistic atlas 
  L V1 R V1 

Con 
Mean accuracy ± SD 39.71% ± 12.15% 40.15% ± 14.21% 

p-value 0.0001 0.0001 

Cat 
Mean accuracy ± SD 32.33% ± 8.74 % 33.83% ± 11.1% 

p-value 0.0001 0.0001 

MT defined from the Probabilistic atlas 
  L MT R MT 

Con 
Mean accuracy ± SD 30.44% ± 8.89% 28.38% ± 6.79% 

p-value 0.0002 0.047 

Cat 
Mean accuracy ± SD 30.67% ± 10.24% 26.5% ± 7.66% 

p-value 0.0002 0.98 

Group-level defined hMT+/V5 (Control analysis I) 
  L hMT+/V5 R hMT+/V5 

Con 
Mean accuracy ± SD 31.77% ± 8.96% 30.88% ± 9.06% 

p-value 4 x 10-5 8 x 10-5 

Cat 
Mean accuracy ± SD 35% ± 7.38% 30.5% ± 7.92% 

p-value 4 x 10-5 12 x 10-5 

Individually defined hMT+/V5 (Control analysis II) 
  L hMT+/V5 R hMT+/V5 

Con 
Mean accuracy ± SD 33.53% ± 7.29% 31.47% ± 9.81% 

p-value 4 x 10-5 8 x 10-5 

Cat 
Mean accuracy ± SD 33.17% ± 10.67% 31.33% ± 11.37% 

p-value 4 x 10-5 4 x 10-5  

Table S3.6 Directional motion classification results. 
Classification results of the different motion directions (mean accuracy ± standard deviation) in each 
ROI for the control (Con) and the cataract-reversal group (Cat). Chance level is 25%. The 
classification analysis was done in V1 and MT as defined from the probabilistic atlas (L. Wang et al., 
2015). Additionally, the analysis was performed in the functionally-defined hMT+/V5 that was 
defined both at the group-level and the individual-level. 
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Previous studies demonstrated that hMT+/V5, a region known to code for visual 
motion in the sighted, enhances its response to auditory and tactile moving information in 
case of congenital blindness. In this study, we aimed to investigate the impact of blindness 
onset on the resting connectivity profile of hMT+/V5 with different regions within the 
visual motion network and with non-visual auditory and tactile networks. Our results 
demonstrated that the resting connectivity architecture of hMT+/V5 within the visual 
motion system is similar across groups and is therefore independent from visual experience. 
In striking contrast, the connectivity profile of hMT+/V5 with the non-visual networks was 
altered in the EB, showing reduced connectivity between hMT+/V5 and the tactile sensory 
network, but not in the LB. These results suggest that there is an organization within the 
visual motion system that develops regardless of visual experience, while the connectivity 
of hMT+/V5 with non-visual networks is instead influenced by the onset of visual 
deprivation. 
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Introduction  

Early studies in animals used visual deprivation as a tool to understand the 
development of the visual cortex (Le Vay et al., 1980; Wiesel & Hubel, 1963b, 1965a). In 
humans, early blindness provides a natural unique model to investigate the organization and 
the development of the “visual” system in the absence of visual input.  

Studies in the early blind (EB) demonstrated that in the case of early visual 
deprivation, the “visual” system is reorganized to process non-visual information while 
preserving the functional specialization of different functional regions (Collignon et al., 
2011; Dormal & Collignon, 2011). For instance, the visual word fusiform area (VWFA), 
which is specialized in processing visual words in the sighted  (Cohen et al., 2000; 
McCandliss et al., 2003), is reorganized in the EB to process Braille words (Reich et al., 
2011). The multimodal motion area, hMT+/V5, that shows preferential recruitment for 
processing visual motion (J. D. G. Watson et al., 1993; Zeki et al., 1991), is reorganized in 
the EB to enhance its processing of motion information from the auditory and tactile 
modalities (Bedny et al., 2010; Dormal et al., 2016; Jiang et al., 2014; Poirier et al., 2006; 
Ricciardi et al., 2007). It has been suggested that the cross-modal reorganization of these 
functional regions, and others, could be driven by their connectivity architecture (Hannagan 
et al., 2015; Op de Beeck et al., 2019). For instance, in individuals with typical visual 
development, the VWFA is connected to the language network (Bouhali et al., 2014; 
Stevens et al., 2017), and therefore, is driven to perform the same function even in the 
absence of vision. The multi-modal motion area hMT+/V5, despite being dominantly 
visual, processes motion information from different sensory modalities (Poirier et al., 2005; 
Rezk et al., 2020; Van Kemenade et al., 2014), and has direct structural connections with 
the auditory motion processing regions (Gurtubay-Antolin et al., 2021). Therefore, 
following visual deprivation, hMT+/V5 is reorganized to enhance its processing of non-
visual motion (Bedny et al., 2010; Dormal et al., 2016; Poirier et al., 2006). These findings 
emphasize the importance of mapping the connectivity architecture of different 
functionally-specialized regions in the case of visual deprivation.  

In this study, we focus on the multi-modal motion processing area hMT+/V5, and 
its connectivity architecture in the visually deprived. We use resting-state functional 
connectivity as a proxy to investigate the communication between different brain regions at 
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rest (Biswal et al., 1995; Biswal, Van Kylen, et al., 1997). The resting connectivity profile 
of a brain region is suggested to reflect its functional role and organization (Fox et al., 
2005). Moreover, resting-state connectivity has been widely used to investigate the 
connectivity architecture of the occipital cortex in the visually deprived (for a review, see 
Bock & Fine, 2014). 

While many studies investigated the connectivity architecture of the occipital 
cortex in the EB (Burton et al., 2014; Liu et al., 2007; Qin et al., 2013), almost no study 
comprehensively investigated the connectivity architecture of hMT+/V5. Most of the 
connectivity studies either focused on the early visual cortex (Striem-amit et al., 2015), or 
looked at the connectivity organization between large-scale networks (Burton et al., 2014; 
Liu et al., 2007). These studies demonstrated that early visual deprivation results in 
connectivity changes between the occipital cortex and different brain networks, as well as 
connectivity changes within the visual network (Bedny et al., 2011; Burton et al., 2014; Liu 
et al., 2007; Qin et al., 2013). Oppositely, other studies suggested that the connectivity 
architecture of the early visual cortex in the EB follows a similar topographic organization 
to that in the sighted, and that the connectivity of the early visual cortex with other visual 
regions is indistinguishable between groups. These findings suggested that there is an 
innate connectivity architecture within the early visual cortex that develops regardless of 
visual experience (Bock et al., 2015; Striem-amit et al., 2015). However, whether these 
findings apply to hMT+/V5 remains unexplored.   

To fill this gap in the literature, we investigate the connectivity architecture of 
hMT+/V5 at three different scales. At a fine-grained scale, we investigate the connectivity 
profile of hMT+/V5 within the visual motion network with regions that are a part of the 
visual motion processing hierarchy. At the intermediate scale, we investigate the 
connectivity profile of hMT+/V5 with early sensory networks (visual, auditory, and tactile) 
due to its functional role in processing motion information from these modalities in the 
sighted (Poirier et al., 2005; Rezk et al., 2020; Van Kemenade et al., 2014; Zeki et al., 
1991), and its enhanced processing of auditory and tactile motion information in the 
visually deprived (Bedny et al., 2010; Dormal et al., 2016; Poirier et al., 2006; Ricciardi et 
al., 2007). At the large-scale, we investigate the connectivity profile of hMT+/V5 with the 
rest of the brain. We hypothesize that hMT+/V5 has an innate connectivity profile within 
the visual system that is developed regardless of visual experience as observed in V1 (Bock 
et al., 2015; Striem-amit et al., 2015). However, the connectivity architecture of hMT+/V5 
with non-sensory visual networks will be reorganized as consequence of visual deprivation 
and the multisensory organization of hMT+/V5 (Dormal et al., 2016; Poirier et al., 2005; 
Rezk et al., 2020; Ricciardi et al., 2007; Van Kemenade et al., 2014). 

Additionally, we investigate the impact of blindness onset on the reorganization of 
the resting connectivity architecture of hMT+/V5. Some studies suggested that in the case 
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of late visual deprivation, hMT+/V5 is reorganized to process auditory information, 
however such reorganization is not as functionally selective, or as strong as that observed in 
the EB (Collignon et al., 2013). Other studies suggested that in the late blind (LB), cross-
modal plasticity is not observed in hMT+/V5, and that visual deprivation early in life is 
necessary for the cross-modal reorganization of hMT+/V5 (Bedny et al., 2010). 
Surprisingly, few studies investigated the connectivity architecture in the LB during rest 
(Ortiz-Terán et al., 2016; Qin et al., 2015). Therefore, we will investigate the impact of the 
onset of visual deprivation on the connectivity organization of hMT+/V5 within the visual 
motion system, with other sensory networks, and across the whole brain. We hypothesize 
that the onset of visual deprivation will have a strong impact on the connectivity profile of 
hMT+/V5, with the LB having less reorganization as consequence of late visual 
deprivation, and due to the development and the stabilization of the connectivity 
architecture of hMT+/V5 in a typical fashion as in sighted individuals. 

Materials & Methods 

Participants 

We recruited participants that were divided into 4 groups. An early blind group of 
14 subjects (9 males, age range= 26-59 years, mean age ± SD= 44 ± 11.19 years), a late 
blind group of 11 subjects (3 males, age range= 42-61 years, mean age ± SD= 52 ± 5.3 
years), a sighted control group for the early blind (SCEB) of 14 subjects (7 males, age 
range= 23-60 years, mean age ± SD= 41 ± 13.65 years), and a sighted control group for the 
late blind (SCLB) of 11 subjects (3 males, age range= 25-60 years, mean age ± SD= 46.5 ± 
13.28 years). Both control groups were matched with their respective blind groups for age, 
gender, and handedness. Early blind participants never had functional vision nor pattern 
recognition abilities. On the other hand, late blind participants had experienced normal 
vision (mean age of blindness onset ± SD = 23 ± 15 years). During testing, all blind 
participants were totally blind or had no pattern vision with a rudimentary sensitivity to 
brightness differences. No neurological impairment was found in any of the blind 
participants. All participants were blindfolded during the experiment. A written consent 
was obtained from all participants, and all the procedures were approved by the research 
ethic and scientific boards of the Centre for Interdisciplinary Research in Rehabilitation of 
Greater Montreal (CRIR) and the Quebec Bio-Imaging Network (QBIN).  

fMRI Acquisition 

All subjects participated in one functional MRI run. The run lasted 5 minutes (136 
volumes). All subjects were instructed to keep their eyes closed, and to relax and not think 
about anything in particular. Functional time series were acquired using a 3-T TRIO TIM 
system (Siemens) equipped with a 12-channel head coil. Multi-slice T2*- weighted fMRI 
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images were obtained with a gradient echo-planar sequence using axial slice orientation 
[repetition time (TR) 2,200 ms; echo time (TE) 30 ms; functional anisotropy (FA) 90°; 35 
transverse slices; 3.2 mm slice thickness; 0.8 mm inter-slices gap; field of view (FoV) 
192×192 mm2; matrix size 64×64×35; voxel size 3×3×3.2 mm3. A structural T1-weighted 
3D magnetization prepared rapid gradient echo sequence (voxel size 1×1×1.2 mm3; matrix 
size 240×256; TR 2,300 ms; TE 2.91 ms; TI 900 ms; FoV 256; 160 slices) was also 
acquired for all subjects. 

fMRI data preprocessing 

Data were analyzed in SPM8 (http://www.fil.ion.ucl.ac.uk/spm) implemented in 
Matlab2012b (The MathWorks, Inc.). Slice-timing correction was performed, and the 
functional images were realigned to the mean functional image using a second-degree B-
Spline interpolation. Functional images were then co-registered to the structural T1 volume. 
The structural volume was segmented to produce the grey matter, white matter, and 
cerebrospinal fluid (CSF) for each subject. Functional and anatomical volumes were then 
normalized to the standard Montreal Neurological Institute (MNI) template with resampling 
the functional volumes at a 3-mm isotropic resolution.  

To control for possible motion artifacts, we implemented a scrubbing approach 
using Artifact detection tools (ART; www.nitrc.org/projects/artifact_detect) to identify 
outlier volumes that had a difference in scan-to-scan global intensity more than 9 standard 
deviations away from the mean global brain signal, or volumes that had more than 2 mm of 
scan-to-scan composite motion. The outlier time points were used as a first level covariate. 
Afterwards, the functional volumes were spatially smoothed using a 4-mm full-width half-
maximum (FWHM) Gaussian kernel to be used for the seed-to-voxel connectivity analysis. 
To rule out the possibility that any connectivity changes could be attributed to motion 
(Power et al., 2012; Satterthwaite et al., 2012; Van Dijk et al., 2012), we compared the 
mean composite motion between groups using a one-way ANOVA, and found no 
significant difference between the 4 groups (F(3,46)=2.389, p=0.081). 

Functional connectivity  

Functional connectivity analysis was performed in CONN functional connectivity 
toolbox (Whitfield-Gabrieli & Nieto-Castanon, 2012); www.nitrc.org/projects/conn). A 
component-based noise correction (Compcorr) (Behzadi et al., 2007) strategy was 
implemented to control for nuisance effects and physiological noise. Motion parameters 
and their first derivatives, and outlier time points from ART toolbox were included as first 
level covariates to remove the variance related to head motion. Linear detrending and a 
band-pass filter of 0.008-0.09 Hz was applied to the functional data. First level analysis was 
performed in the CONN framework to investigate functional connectivity changes within-
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subject. Pearson's correlation coefficient was used as a measure of functional connectivity. 
Age was added as a second-level covariate of no interest in all analyses to rule out the 
effect of age on the connectivity changes between groups. 

Connectivity within-visual system 

ROIs Definition 

To define regions of interest (ROIs) within the visual motion system and to respect 
the visual hierarchy, we relied on the widely accepted proposed pathway for visual 
information to reach hMT/V5 according to Felleman & Van Essen (Born & Bradley, 2005; 
Felleman & Van Essen, 1991). We used a probabilistic atlas that has a fine-grained 
definition of the different regions within the visual system (Wang et al., 2015; Figure 
4.1A). Using this atlas, we extracted V1d, V1v, V2d, V2v, V3a, V3b, V3d, V3v, and hMT 
as our ROIs. Additionally, we included the lateral geniculate nucleus, as defined from the 
FSL atlas, which is a subcortical region that has been suggested to be a part of the visual 
motion processing pathway (Born & Bradley, 2005; Sincich et al., 2004). 

ROI-to-ROI functional connectivity 

The bold time series from each ROI was extracted by averaging the unsmoothed 
functional time series from all the voxels within the ROI. The time series from each seed 
region was then correlated with each of the rest ROIs. The correlation coefficients were 
Fisher-transformed to fulfill the assumption normality of the data to be used for parametric 
testing in the second-level general linear model (GLM) analysis. Two-sided two-samples t-
test was performed to assess differences in the functional connectivity between groups. 
Results were thresholded at p<0.05 (FDR-corrected). 

Similarities of average fingerprints across groups 

To evaluate the similarity of the connectivity profile of each seed region between 
the different groups, we tested how the average connectivity fingerprint of each seed region 
in one group is similar to that from another group. For each seed region, we averaged 
(across subjects) the connectivity vector with the rest of the visual motion network resulting 
in one connectivity fingerprint of 19 values (number of total ROIs [20] – the seed region 
[1]) per group. Then for each seed region, the average connectivity fingerprint was 
correlated across groups. Results were thresholded at p<0.05 (FDR-corrected). 
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Connectivity across different sensory systems 

ROIs Definition 

We investigated the connectivity between hMT+/V5 and the different sensory 
networks (visual, auditory, and tactile). Our interest in these specific networks is because 
hMT+/V5, in addition to being a part of the visual system, is reorganized in the case of 
visual deprivation, to process auditory (Battal et al., 2018; Dormal et al., 2016; Jiang et al., 
2014; Poirier et al., 2006) and tactile motion information (Ricciardi et al., 2007). Moreover, 
when processing auditory (or tactile) motion information, hMT+/V5 shows enhanced 
connectivity with the auditory (or tactile) network (Battal et al., 2018; Dormal et al., 2016; 
Sani et al., 2010). Therefore, we look at the large-scale connectivity between hMT+/V5 and 
the early visual, auditory, and tactile networks. To define the seed regions, we used an 
independent study (Rezk et al., 2020) to functionally define bilateral hMT+/V5 ROIs. A 10-
mm sphere was created around the peak MNI coordinate of the left [-42 -66 2] and the right 
hMT+/V5 [46 62 6]. The choice of using a moderately large ROI (radius = 10mm) is to 
account for the variability in the spatial location of hMT+/V5 across individuals (Dumoulin 
et al., 2000; Huk et al., 2002). To define the target ROIs from different sensory networks, 
we used the Schaefer atlas (200 parcels) which is one of the latest cortical parcellations of 
the human brain. These parcellations, derived from a huge dataset (n=1489 participants), 
agreed with the boundaries of cortical areas that were defined using histology and task-
based fMRI studies demonstrating its high precision and its reflection of the brain’s 
functional organization (Schaefer et al., 2018). To define the early visual cortex, we used 
the parcels located within the striate and the calcarine cortex (n=4). Similarly, for the 
auditory and the tactile networks, we extracted the parcels that overlapped with the auditory 
cortex (n=5) and the somatosensory cortex (n=19). Therefore, we have two seed regions 
(bilateral hMT+/V5) and 28 target regions from the different sensory modalities (the early 
visual cortex, the auditory cortex, and the somatosensory cortex). 

ROI-to-ROI functional connectivity 

The procedure for the ROI-to-ROI connectivity analysis is similar to that 
implemented in the within-visual system connectivity. 

Similarities of average fingerprints across groups 

We tested how similar was the connectivity profile of hMT+/V5 with the different 
sensory networks across the different groups. For each of the right and the left hMT+/V5 
seed ROI, we calculated the average connectivity fingerprint (across subjects) with the 
different sensory networks resulting in an average connectivity fingerprint of 28 values. 
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Then the average connectivity fingerprints were correlated across groups. Results were 
thresholded at p<0.05 (FWE-corrected). 

Connectivity across the whole brain 

Seed-to-voxel functional connectivity 

To explore the connectivity profile of hMT+/V5 and its reorganization at a large 
scale, and not only limited to specific regions of interest, a seed-based voxel-wise 
correlation analysis was performed. The defined seed regions were bilateral hMT+/V5 as 
defined functionally from an independent study (Rezk et al., 2020). A 10-mm sphere was 
created around the peak MNI coordinate of the left [-42 -66 2] and the right hMT+/V5 [46 
62 6]. The time series from each seed region were extracted by averaging the signal from 
all the voxels in the seed ROI. The average time series from each seed was then correlated 
with each voxel in the rest of the brain. The correlation coefficients were Fisher-
transformed to perform second-level statistical comparison across groups. Two-sided two-
samples t-test was performed to assess differences in the functional connectivity between 
groups. Results were thresholded at p<0.001 at the voxel level and p<0.05 FDR-corrected 
at the cluster level. 

Group Classification 

We investigated whether the connectivity profile of hMT+/V5 with the rest of the 
brain was unique and distinguishable across groups. We used a machine learning classifier 
to test if we can predict the groups that the subjects belonged to, based on the whole-brain 
connectivity profile of hMT+/V51. We used the previously defined 10-mm spherical 
hMT+/V5 ROIs as our seed regions. To define our whole-brain ROIs, we used the cortical 
parcels from the previously described Schaefer atlas (n=200 parcels; Schaefer et al., 2018). 
This resulted in a connectivity matrix of dimensions 2 (number of seeds [left and right 
hMT+/V5]) x 200 (number of whole-brain ROIs) in each subject. For each seed region, the 
connectivity fingerprint with the rest of the brain was represented as a vector of 200 
correlation values. The connectivity fingerprints were then used in the classification 

 

1   We aimed to perform the same group classification analysis in the “connectivity within-visual system” 
and “Connectivity across-sensory networks”, however, it was not possible due to the low number of 
samples (in this case, number of subjects) and the low number of features [connectivity pattern in the 
connectivity within-visual system (n=19), and the connectivity across-sensory networks (n=28)]. The low 
number of features and samples is not suitable for MVPA analysis and would result in unreliable and false 
negative results. 



Motion representation in hMT+/V5: Influence of cross-modal inputs and visual deprivation   
 

212 

 

analysis (Figure 4.8A). We trained a binary support vector machine (SVM) classifier with a 
linear kernel with a fixed regularization parameter of C=1 to discriminate the connectivity 
pattern of each seed region across the different groups. The multivariate pattern analysis 
(MVPA) was performed in CoSMoMVPA (Oosterhof, Connolly, & Haxby, 2016; 
http://www.cosmomvpa.org/) implemented in MATLAB. A leave-one subject out cross-
validation scheme was implemented. The binary classifier was trained to discriminate the 
connectivity pattern from all subjects minus one from each of the two groups, then it was 
tested on the left-out subject from each group (Figure 4.8A). To evaluate the performance 
of the classifier and its generalization across all the data, the previous step was 
implemented n-times (n= number of subjects that was being tested in both groups). In each 
cross-validation fold a different subject was used as the test subject, and the rest of the data 
were used as the training data. For each seed region, the classification accuracy was 
obtained by averaging the accuracies from all cross-validation folds.  

To assess the statistical significance of our result for each seed region, we used a 
non-parametric permutation approach (Nichols & Holmes, 2002) to test if the classification 
accuracy was above chance level (50%). The label of the group to which the subjects 
belonged to were randomly shuffled, and the classification analysis was performed to the 
newly shuffled dataset in a similar manner to that of the original dataset. This permutation 
step was repeated 10,000 times, thus allowing us to generate a null distribution of 
classification accuracies of 10,000 values. A non-parametric p-value was obtained by 
comparing the classification accuracy from the original dataset to the classification 
accuracies obtained from the null distribution. The multivariate analysis was performed by 
classifying the subjects in the EB and the SCEB group (n=14 in each group) based on the 
connectivity profile of each seed region with the rest of the visual motion network. The 
same analysis was performed to discriminate the LB and the SCLB (n=11 in each group), 
and the EB and the LB (n=11 in each group). In the classification of the EB and the LB, 11 
random subjects were selected from the EB group to achieve an equal number of subjects in 
both groups, thus having equal training and testing of both groups. This to avoid any bias in 
the classification due to unequal training in the different cross-validation folds. Results 
were corrected for multiple comparisons using FDR-correction. 

Results 

Connectivity within the visual system 

ROI-to-ROI connectivity 

We investigated the resting-state functional connectivity between cortical regions 
(V1d, V1v, V2d, V2v, V3a, V3b, V3d, V3v, and hMT) that are a part of the motion 
processing pathway, as well as the LGN in the EB, LB, and their matched control groups. 
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Our results demonstrated a strong intra- and inter-hemispheric connectivity between the 
different visual regions in all groups. Additionally, we observed significant subcortico-
cortical connectivity between the LGN and the different cortical regions within the visual 
motion processing pathway (Figure 4.1B).  

 

Figure 4.1 ROI-to-ROI functional connectivity in the visual motion system. 
 [A] ROIs used in the connectivity analysis included the LGN (defined from FSL), V1,V2,V3 (dorsal 
and ventral), V3a, V3b, and hMT as defined from the a probabilistic atlas (L. Wang et al., 2015) 
displayed on an MNI template brain. [B] The ROI-to-ROI connectivity results in the early blind (EB), 
late blind (LB), controls for the early blind (SCEB), controls for the late blind (SCLB). Lines between 
two regions indicate the presence of a statistically significant connectivity between the two regions. 
The connection width is proportional to the t-value. 
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When comparing the EB with their matched controls, and the LB with their 
matched sighted group, we observed no connectivity differences between the visually 
deprived and the sighted controls. When comparing the EB and the LB, we only found 
enhanced connectivity (t(23) = 4.34, p=0.0458, FDR-corrected) between the right V1v and 
the right V3b ROIs in the EB  (Figure 4.2). 

 

Figure 4.2 Functional connectivity differences between the EB and the LB within the visual 
motion network. 
When comparing the pairwise connectivity between the different regions in the EB and the LB, the EB 
showed enhanced connectivity between the right V1v and the right V3b. 

Similarities of average fingerprints across groups 

To directly test the similarity of the connectivity fingerprint of hMT (and other 
visual regions) with the rest of the visual motion network, we calculated the average 
connectivity fingerprint across participants in each group (Figure 4.3). The connectivity 
fingerprint of hMT was highly similar across groups (p<0.01, FDR-corrected for all 
comparisons across all visual ROIs). The high similarity of the connectivity fingerprints 
was not limited to hMT. All the cortical regions and the LGN showed a very high similarity 
in their connectivity fingerprints across all the tested groups (Figure S4.1-S4.6, p<0.001, 
FDR-corrected).  
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Figure 4.3 Connectivity fingerprint of hMT within the visual motion system. 
[A] A polar plot representation of the average connectivity fingerprint of the left and right hMT with 
other regions within the visual motion system. The figure illustrates the high similarity of the hMT 
connectivity fingerprint across groups. [B] The correlation analysis indicated that the average 
connectivity fingerprint of hMT with the visual motion system was highly correlated across the 
different groups. (** p<0.01, *** p<0.001, **** p<0.0001 FDR-corrected for all the visual ROIs 
and all pairwise group correlations) 
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Connectivity across sensory systems 

ROI-to-ROI connectivity 

We investigated the resting-state functional connectivity between hMT+/V5 and 
the early visual, auditory, and tactile networks. The results demonstrated that hMT+/V5 
was connected to all sensory networks in all groups during rest (Figure 4.4). When 
comparing the EB with their matched controls, hMT+/V5 showed reduced connectivity 
with the tactile network, and no significant changes with the auditory network (Figure 4.5, 
Table S4.1). When comparing the LB with their matched controls, or the EB with the LB, 
no significant differences were observed.  

 

Figure 4.4 ROI-to-ROI functional connectivity of hMT+/V5 with different sensory networks 
hMT+/V5 seed regions (in blue) are functionally-defined spheres from an independent study (Rezk et 
al., 2020). Target ROIs were defined from the Schaefer atlas (Schaefer et al., 2018) where we 
included parcels that belonged to the early visual (in orange), auditory (in green), and tactile 
networks (in purple). The figure displays the connectivity results in the early blind (EB), late blind 
(LB), controls for the early blind (SCEB), controls for the late blind (SCLB). Lines between two 
regions indicate the presence of a statistically significant connectivity between the two regions. The 
connection width is proportional to the t-value. 
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Figure 4.5 Connectivity changes of hMT+/V5 with the different sensory networks due to early 
visual deprivation. 
When comparing the connectivity of hMT+/V5 with different regions within the different sensory 
networks, we observed a strong reduced connectivity of hMT+/V5 (in blue) with the tactile network 
(in purple), and no differences with the visual (in orange) or the auditory network (in green). The 
connection width is proportional to the t-value. 

Similarities of average fingerprints across groups 

We investigated how similar were the connectivity fingerprints of hMT+/V5 with 
the different sensory networks across the different groups (Figure 4.6). The average 
connectivity fingerprint of hMT+/V5 was not correlated in the EB and the SCEB in the left 
(r=-0.35, p=0.405) or the right hemisphere (r=0.005, p=1). There was also no correlation 
between the EB and the LB in the left (r=0.136, p=1) or right hemisphere (r=0.454, 
p=0.091). Only the LB showed a significant correlation of the hMT+/V5 connectivity 
fingerprint with the SCLB in the left (r=0.497, p=0.043) and the right hemisphere (r=0.704, 
p= 0.0002). 
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Figure 4.6 Multisensory connectivity fingerprint of hMT+/V5. 
[A] Representation of the connectivity fingerprint of hMT+/V5 with the visual, the auditory, and the 
tactile network in the EB (in orange), LB (in blue), SCEB and SCLB (in black). [B] The correlation 
analysis of the average connectivity fingerprint of hMT/V5 with the different sensory networks was 
only significant between the LB and the SCLB. There was no significant correlation between the EB 
and the SCEB, or the EB and the LB. (LH: Left hemisphere, RH: Right hemisphere, * p<0.05, ** 
p<0.01, *** p<0.001, **** p<0.0001) 
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Seed-to-voxel analysis 

To investigate the connectivity architecture of hMT+/V5 in a hypothesis-free 
manner, we conducted a whole brain seed-to-voxel functional connectivity analysis. We 
correlated the activity pattern from hMT+/V5 with each voxel in the brain. Our results 
demonstrated that in all groups, hMT+/V5 was connected to the early visual cortex, the 
visual motion network, the parietal cortex, the auditory cortex, the somatosensory, and the 
motor cortex (Figure 4.7A, B). When comparing the visually deprived groups with their 
matched controls, the right hMT+/V5 in the EB showed enhanced connectivity with the 
superior parietal lobule, and reduced connectivity with the precentral gyrus when compared 
with sighted controls which confirms the results from the ROI analysis. In the LB, the right 
hMT+/V5 showed enhanced recruitment with the supramarginal gyrus, and the inferior 
frontal gyrus (Figure 4.7C, table S4.2). No differences were observed between the EB and 
the LB. 

Group Classification 

We tested whether we could predict the group that the subjects belonged to, based 
on the connectivity profile of hMT+/V5 with the rest of the brain (Figure 4.8A). The group 
classification analysis demonstrated that we could discriminate the EB and their matched 
controls based on the connectivity fingerprint of the left (p=0.007) and right hMT+/V5 
(p=0.035). We could also discriminate the LB and their matched controls from the 
connectivity patterns from the right hMT+/V5 (p=0.035). However, the discrimination of 
the EB and the LB was not significant (Figure 4.8B). 
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Figure 4.7 Seed-to-voxel analysis 
The results of the seed-to-voxel connectivity analysis of the left and right hMT+/V5 in [A] the EB and 
the SCEB, and [B] the LB and the SCLB. [C] Differences in the voxel-wise connectivity of the right 
hMT+/V5 between the EB and the SCEB, and the LB and the SCLB. Results are displayed at p<0.001 
at the voxel-level, and p<0.05 FDR-corrected at the cluster-level. 
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Figure 4.8 Group Classification based on the hMT+/V5 connectivity fingerprint 
[A] Group Classification: For each hMT+/V5 seed region, the connectivity fingerprint was defined 
by extracting the correlation values with the whole-brain ROIs (n=200). A support vector machine 
classifier was trained to discriminate the connectivity fingerprint of the subjects from the two groups, 
and then it was tested on other subjects that were not included in the training phase. [B] Group 
classification results when using the connectivity fingerprint of the left and the right hMT+/V5 to 
discriminate the EB and the SCEB, the LB and the SCLB, and the EB and the LB. * p<0.05, ** 
p<0.01 FDR-corrected. 
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Discussion 

In this study, we comprehensively investigated the connectivity architecture of 
hMT+/V5 within the visual motion system, and across sensory and whole-brain networks in 
the EB and the LB. Our results demonstrated that there is a maintenance of the connectivity 
profile of hMT+/V5 within the visual motion network even in the absence of any visual 
experience. Oppositely, the connectivity of hMT+/V5 with different sensory networks was 
only altered in the case of early visual deprivation. These results highlight the impact of 
blindness onset on the development of the connectivity architecture of hMT+/V5. 

We focused in this study on the connectivity organization of hMT+/V5 at different 
scales. First investigated the resting connectivity profile of the different cortical and 
subcortical regions within the visual motion network starting from LGN and V1 to hMT. 
One proposed view is that the connectivity architecture within the occipital cortex is 
reorganized as a result of visual deprivation (Burton et al., 2014; Liu et al., 2007; Qin et al., 
2013). Interestingly, we did not observe any changes in the functional connectivity between 
the different visual regions. This might be surprising considering previous studies 
suggesting changes in the connectivity of the occipital cortex following early visual 
deprivation (Bedny et al., 2010, 2012; Qin et al., 2013; Watkins et al., 2012). However, it is 
important to highlight that these connectivity changes are not all agreed upon. For instance, 
some studies found reduced intra-hemispheric connectivity in the occipital cortex in the EB 
(Bedny et al., 2010), while other studies reported increased intra-hemispheric connectivity 
between the early visual cortex and the lateral occipital cortex (Qin et al., 2013).  

Another view suggests that there is an innate connectivity architecture within the 
occipital cortex that develops regardless of visual experience (Bock et al., 2015; Striem-
amit et al., 2015). We investigated this hypothesis, and our findings are in line with these 
suggestions. Our results demonstrated that there was a very high similarity in the 
connectivity profile of all the visual regions within the visual motion network including the 
early visual cortex as well as the higher-order visual motion area hMT. This suggests that 
early visual experience is not necessary for this connectivity architecture to develop. 
Studies have shown that there is a strong similarity between the EB and the sighted in the 
retinotopic connectivity profile of the early visual cortex (Bock et al., 2015; Striem-amit et 
al., 2015). In other words, regions in the early visual cortex that show strong connectivity to 
other regions that have a certain retinotopic preference (as elevation, eccentricity, or 
laterality) share a similar connectivity profile in the EB and the sighted. Even with no 
visual experience since birth, the retinotopic connectivity maps are highly similar to the 
sighted individuals (Bock et al., 2015; Striem-amit et al., 2015). This suggests that there is 
an innate connectivity architecture within the visual system that develops regardless of 
visual experience, which is also confirmed by our findings.  
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We also investigated the connectivity of hMT+/V5 with different sensory 
networks. The motivation for investigating the connectivity of hMT+/V5 with the auditory 
and tactile networks is that in the case of visual deprivation, hMT+/V5 is reorganized to 
enhance its  processing of auditory (Battal et al., 2018; Dormal et al., 2016; Jiang et al., 
2014; Poirier et al., 2006) and tactile motion information (Ricciardi et al., 2007). It has also 
been demonstrated that there is an enhanced connectivity in the EB between hMT+/V5 and 
the auditory/tactile network when processing auditory/tactile motion information (Battal et 
al., 2018; Dormal et al., 2016; Sani et al., 2010). We investigated the resting-state 
connectivity of hMT+/V5 with the different sensory networks, and our results demonstrated 
that there was significant connectivity between hMT+/V5 and the auditory and the tactile 
networks in the EB, LB, and the sighted. However, in the case of early blindness, the 
connectivity between hMT+/V5 and the tactile network was strongly reduced. This is in 
line with previous studies demonstrating reduced connectivity between the occipital cortex 
and the somatosensory cortex in the EB (Bedny et al., 2010; Burton et al., 2014; Liu et al., 
2007; Qin et al., 2013; Yu et al., 2008). 

Some studies suggested that there is a reduced resting-state connectivity between 
the occipital cortex and the auditory cortex in the EB (Burton et al., 2014). However, we 
did not observe reduced connectivity between hMT+/V5 and the auditory cortex. It is 
trickier to investigate the resting-state correlations with the auditory cortex in the blind. 
hMT+/V5 and the auditory cortex are both recruited during processing auditory stimuli in 
the EB (Collignon et al., 2011; Dormal et al., 2016; Poirier et al., 2006). Therefore, the 
observed correlation between hMT+/V5 and the auditory cortex might be enhanced due to 
the continuous auditory stimulation from the scanner noise during the acquisition (Bedny et 
al., 2010; Bock & Fine, 2014).  

It might be counter-intuitive that hMT+/V5 in the EB shows reduced connectivity 
with the tactile network (Liu et al., 2007; Qin et al., 2013) despite being massively recruited 
during tactile motion processing (Ricciardi et al., 2007). This was indeed puzzling with the 
first resting-state studies investigating the connectivity of the occipital cortex in the blind. 
However, these findings have been replicated across different studies (Burton et al., 2014; 
Liu et al., 2007; Qin et al., 2013). There is no definite explanation yet of why the 
connectivity with the non-visual sensory networks in the EB is reduced during rest and 
enhanced during a performing a related non-visual task, however, two suggestions have 
been proposed.  

The first suggestion is that the occipital cortex in the EB acts as a multiple demand 
system (Duncan & Owen, 2000) where it is recruited in different cognitive tasks. Therefore, 
during rest, the visual cortex in the EB switches its connectivity to different regions leading 
to more variability of the connectivity profile across time. While during performing a non-
visual task, the occipital cortex will be dedicated to performing a specific task leading to 
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reduced variability of the connectivity profile and enhanced connectivity with the recruited 
non-sensory network (Pelland et al., 2017).  

The second suggestion proposed a mixture-of-experts model (Bock & Fine, 2014; 
Jacobs et al., 1991) to explain the reorganization and the connectivity changes in the case of 
visual deprivation. According to this model, there are different expert networks that are 
specializing in performing different computations. There is also a gating network that 
receives the output from the different expert networks and then assigns different weights to 
the different expert networks. This allows the system as a whole to perform more efficient 
computations when performing a specific task (Figure 4.9). According to this theory, in the 
case of early blindness, the gating network diminishes the weight of visual input while 
maximizing the weight of non-visual sensory inputs arriving to hMT+/V5 leading to the 
observed enhancement in non-visual motion processing.  According to the proposed theory, 
it was suggested that the reduced resting-state functional connectivity between hMT+/V5 
and the somatosensory cortex is a result of the reorganization of hMT+/V5 to process 
tactile motion information. This leads to the presence of two expert networks, one in 
hMT+/V5 and one in the somatosensory cortex. The gating network will try to 
orthogonalize the output from these two expert networks leading to a reduced 
correlation/connectivity between the two (Bock & Fine, 2014).  

 

Figure 4.9 Mixture-of-experts model. 
This model suggests that there are different expert networks that are dedicated to performing certain 
computations with the presence of a gating network the mediates the influence of the different expert 
networks. The gating network receives the output from the different expert networks, and assigns 
weights to the different networks to perform a certain task. For example, when processing visual 
motion in hMT+/V5, the visual sensory input will be assigned a high weight, and auditory sensory 
inputs will be assigned a low weight. Therefore, hMT+/V5 will be strongly recruited during visual 
motion processing. In the case of visual deprivation, the gating network will assign a low weight to 
visual expert networks as a consequence of early visual deprivation, and will assign a high weight to 
non-visual expert networks leading to the enhanced cross-modal responses observed in the blind. 
Figure adapted from (Bock & Fine, 2014). 
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We also investigated the connectivity profile of hMT+/V5 at a global scale with all 
the brain networks. The results in the EB demonstrated that hMT+/V5 had reduced 
functional connectivity with the tactile network, which confirms our previous results from 
the ROI-to-ROI connectivity analysis. Additionally, we investigated whether the whole 
brain connectivity profile of hMT+/V5 was stable and could be used as a marker to predict 
whether an individual belonged to the EB group or not. The significant classification results 
suggest that following early visual deprivation, there is a stable and unique hMT+/V5 
connectivity profile that is distinguishable across groups.   

We also investigated the impact of blindness onset on the connectivity architecture 
of hMT+/V5. Previous studies showed that late visual deprivation might lead to changes in 
the connectivity between visual and non-visual regions (Bedny et al., 2010; Sabbah et al., 
2016). However, the EB showed a stronger reorganization of the occipital's connectivity 
architecture (Bedny et al., 2010; Qin et al., 2015). Our data supports these findings. While 
we did not observe connectivity changes within the visual motion network or with the 
auditory and tactile networks, the whole brain seed-to-voxel analysis in the LB 
demonstrated enhanced connectivity with the supramarginal gyrus and the inferior frontal 
cortex. Additionally, the group classification analysis demonstrated that the LB could be 
discriminated from the sighted based on the whole-brain connectivity fingerprint of the 
right hMT+/V5. This suggests that even in the case of late visual deprivation, hMT+/V5 
still reorganizes its connectivity with other brain regions, however, it is less extensive than 
that observed in the EB. This is similar to what was observed in task-based studies. 
hMT+/V5 was recruited during auditory motion processing only in the EB, and not the LB 
(Bedny et al., 2010). One explanation is that having typical visual experience during the 
early years of life strongly shapes and sediments the structural and the functional 
organization of the visual system and makes it less susceptible to massive plastic 
reorganization as that observed in the EB (Noppeney, 2007; Ptito et al., 2008). This was 
also evident in our results where the connectivity fingerprint of hMT+/V5 with the different 
sensory networks in the LB was highly correlated with that in the sighted. Oppositely, there 
was no correlation between the hMT+/V5 connectivity fingerprint between the EB and their 
matched controls. The results suggest that while early visual deprivation reshaped the 
connectivity profile of hMT+/V5 with the different sensory networks, the presence of early 
visual experience in the LB developed the hMT+/V5 connectivity profile with the non-
visual sensory networks in a similar manner to that in the sighted.  

In summary, we investigated the connectivity architecture of hMT+/V5 within the 
visual motion network and across different sensory networks. The connectivity profile of 
hMT+/V5 within the visual motion system developed in a similar fashion regardless of 
visual experience suggesting the presence of an innate connectivity organization within the 
visual motion system. Oppositely, the connectivity of hMT+/V5 with non-visual networks 
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was reorganized as a consequence of visual deprivation, and this reorganization was 
modulated by the onset of visual deprivation. 
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Supplementary materials 

 

Figure S4.1 Connectivity fingerprint of V1 within the visual motion system. 
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Figure S4.2 Connectivity fingerprint of V2 within the visual motion system. 
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Figure S4.3 Connectivity fingerprint of V3v and V3a within the visual motion system. 
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Figure S4.4 Connectivity fingerprint of V3b and V3d within the visual motion system. 
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Figure S4.5 Connectivity fingerprint of LGN and hMT within the visual motion system. 
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Figure S4.6 The correlation analysis of the average connectivity fingerprint of the different visual 
regions within the visual motion system. 
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Seed ROI Target ROI pValue (FDR-
corrected) t-value 

L hMT+/V5 LH_SomMotA_1 0.0309 -3.300 

L hMT+/V5 LH_SomMotA_2 0.0498 -2.468 

L hMT+/V5 LH_SomMotA_3 0.0479 -2.544 

L hMT+/V5 LH_SomMotA_4 0.0334 -2.827 

R hMT+/V5 LH_SomMotA_4 0.0481 -2.504 

L hMT+/V5 LH_SomMotA_7 0.0334 -2.799 

R hMT+/V5 LH_SomMotA_7 0.0334 -2.860 

L hMT+/V5 LH_SomMotA_8 0.0325 -3.012 

R hMT+/V5 LH_SomMotA_8 0.0334 -2.805 

L hMT+/V5 RH_SomMotA_1 0.0340 -2.765 

R hMT+/V5 RH_SomMotA_1 0.0359 -2.718 

L hMT+/V5 RH_SomMotA_2 0.0309 -3.270 

R hMT+/V5 RH_SomMotA_2 0.0321 -3.103 

L hMT+/V5 RH_SomMotA_3 0.0309 -3.173 

R hMT+/V5 RH_SomMotA_3 0.0334 -2.867 

R hMT+/V5 RH_SomMotA_4 0.0479 -2.526 

L hMT+/V5 RH_SomMotA_6 0.0334 -2.805 

R hMT+/V5 RH_SomMotA_6 0.0309 -3.332 

R hMT+/V5 RH_SomMotA_7 0.0433 -2.614 

L hMT+/V5 RH_SomMotA_10 0.0264 -3.729 

R hMT+/V5 RH_SomMotA_10 0.0017 -5.047 

L hMT+/V5 RH_SomMotA_11 0.0325 -3.006 

R hMT+/V5 RH_SomMotA_11 0.0309 -3.172 

Table S4.1 Connectivity changes of hMT+/V5 with the different sensory networks due to early 
visual deprivation.  
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Region cluster size x y z size p-FDR peak-uncorr 

EB > SCEB             

R Superior parietal lobule 16 33 -46 46 0.0376 0.037564 

SCEB > EB             

Precentrral Gyrus 35 9 -25 73 0.0015 0.001490 

LB > SCLB             

R Supramarginal G 29 63 -22 28 0.0027 0.000052 

R Inferior frontal G 29 60 17 19 0.0027 0.000007 

R Frontal Pole 19 42 41 4 0.0137 0.000056 

L Insular Cortex 14 -36 2 13 0.026 0.000108 

L Inferior frontal G 13 -51 8 13 0.026 0.000009 

L Frontal Pole 13 -48 41 7 0.026 0.000045 

L Supramarginal G 10 -57 -31 25 0.0482 0.000289 

SCLB > LB             

R Superior frontal G 13 12 23 64 0.026 0.000042 

R Superior frontal G 12 6 53 25 0.03 0.000050 

Table S4.2 Seed-to-voxel analysis.  
This table displays the connectivity changes of the right hMT+/V5 across the whole brain when 
compared in the EB and the SCEB, as well as when compared in the LB and the SCLB. 

 

 

 



 

 



Chapter 5 

Discussion 

 

The aim of the thesis 

The aim of the present thesis was to address three main questions: [1] Is there a 
unimodal, or multi-modal, or abstracted representation of motion direction information in 
hMT+/V5? [2] What is the effect of brief and early visual deprivation on the development 
of the visual motion network? [3] Does blindness onset impact the resting-state 
connectivity architecture of hMT+/V5 within the visual motion network and with non-
visual sensory networks? 

The nature of motion processing in hMT+/V5 

In the first study of the present thesis, we investigated how hMT+/V5 represents 
motion direction information. hMT+/V5 has long been known to be a dedicated region for 
processing visual motion (Baker et al., 1981; J. D. G. Watson et al., 1993; Zeki, 1974, 
1980; Zeki et al., 1991). When disrupting the activity of hMT+/V5 by applying transcranial 
magnetic stimulation (TMS) during visual motion processing, the behavioral performance 
is impaired (Beckers & Zeki, 1995). Similarly, when hMT+/V5 is damaged due to a 
bilateral lesion, the perception of visual motion is strongly impaired, with apparently no 
impairment in auditory motion processing (Zihl et al., 1983, 1991). These findings together 
highlighted the important role of hMT+/V5 in processing visual motion. In the last decade, 
studies suggested that hMT+/V5 could be implicated in auditory (Battal et al., 2018; 
Dormal et al., 2016; Poirier et al., 2005; Strnad et al., 2013) and tactile motion processing 
(Hagen et al., 2002; Ricciardi et al., 2007; Van Kemenade et al., 2014). These findings 
opened a new door to question the nature of motion processing in hMT+/V5. Is hMT+/V5 a 
unisensory visual motion area as previously believed, or whether it is involved in 
processing motion information from different sensory modalities? Many studies using 
univariate or multivariate analysis debated this question with some studies supporting the 
presence of non-visual motion information in hMT+/V5 (or sub-regions of hMT+/V5) 
(Battal et al., 2018; Dormal et al., 2016; Hagen et al., 2002; Poirier et al., 2005; Ricciardi et 
al., 2007; Strnad et al., 2013; Van Kemenade et al., 2014). Oppositely, other studies 
advocated for a unisensory visual hMT+/V5, and suggested that if hMT+/V5 was properly 
defined, and if proper methodological approaches were implemented, non-visual motion 
information would not be detected in hMT+/V5 (Jiang et al., 2014, 2015).  
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To resolve this long-standing debate, we investigated how motion information is 
represented in hMT+/V5 using a combination of univariate and multivariate analyses while 
controlling for the suggested methodological confounds.  Our results indicated that visual 
and auditory motion direction information were present in hMT+/V5. Our univariate 
analyses demonstrated that the activation level of hMT+/V5 for auditory motion was low 
and even not statistically significant if hMT+/V5 was individually defined, and when data 
smoothing was avoided. This was in line with the studies that did not find univariate 
activation in hMT+/V5 for non-visual motion processing (Jiang et al., 2015; Saenz et al., 
2008). However, the absence of significant activation was not a proof of lack of auditory 
motion information. Using multivariate pattern analysis (MVPA), we demonstrated that 
hMT+/V5 can discriminate motion and static conditions based on the activity patterns. This 
indicated that despite the low level of univariate activity, there was auditory motion 
information in hMT+/V5 (Battal et al., 2018; Dormal et al., 2016; Strnad et al., 2013). 
Additionally, we investigated how auditory individual motion directions are represented in 
hMT+/V5. It is well-established that MT/V5 has a columnar axis-of-motion organization 
(Albright et al., 1984a; Dubner & Zeki, 1971; Malonek et al., 1994). This organization was 
also demonstrated in humans (Zimmermann et al., 2011) using high-field functional 
magnetic resonance imaging (fMRI). However, no previous evidence has been provided to 
indicate how auditory motion directions are represented in hMT+/V5. Our results 
demonstrated that hMT+/V5 has an axis-of-motion organization for visual and auditory 
motion directions. The similar axis-of-motion organization is most likely the reason we had 
a significant cross-modal decoding in hMT+/V5, and we could predict the perceived 
motion direction in one modality (e.g., vision) by using the information from the other 
modality (e.g., audition). The axis-of-motion organization of auditory motion directions in 
hMT+/V5 is reminiscent of the recently suggested axis-of-motion organization of auditory 
motion directions in planum temporale (PT) (Battal et al., 2019). The similar organization 
for motion direction preference in hMT+/V5 (for visual and auditory motion), and PT (for 
auditory motion) could provide an efficient way of communication and transferring 
information between different sensory modalities. Recent studies demonstrated the 
presence of direct connections between hMT+/V5 and PT (Gurtubay-Antolin et al., 2021). 
The direct structural connections between PT and hMT+/V5 is likely to be the main route 
of auditory motion information to reach hMT+/V5 either for additional non-visual motion 
processing or multisensory integration (Alink et al., 2008; Scheef et al., 2009).  

Format of representation 

There is now a lot of evidence, including our results, indicating the presence of 
non-visual motion information in hMT+/V5 (Battal et al., 2018; Dormal et al., 2016; Hagen 
et al., 2002; Poirier et al., 2005; Ricciardi et al., 2007; Van Kemenade et al., 2014), 
however, the presence of non-visual motion information cannot be a proxy to indicate 
abstraction of motion processing. Just because one region is recruited in two different tasks 
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does not guarantee that the underlying computations or representations are similar (Bulthé 
et al., 2014). Some studies used cross-modal decoding to infer supra-modality or abstracted 
brain representations (Fairhall & Caramazza, 2013; Kaplan et al., 2015). However, a 
successful cross-modal decoding only indicates that the necessary information to 
discriminate different conditions is useful to discriminate the similar conditions from 
another modality. It does not indicate that the representation across modalities is identical. 
We highlighted this point in our results, and demonstrated that despite the shared motion 
direction information from the different modalities in hMT+/V5, motion stimuli from the 
different modalities elicited opposite responses in hMT+/V5. hMT+/V5 voxels showing the 
highest responses for visual motion elicited the lowest responses for auditory motion, and 
vice versa. Therefore, the representation of motion information in hMT+/V5 is not 
abstracted from the sensory modality, and is in fact modulated by the sensory input 
modality. The significant cross-modal decoding merely indicates the presence of shared 
discriminating information, but it does not indicate abstraction. To infer abstraction, a 
series of multivariate analyses should be implemented to ensure similar representations 
across modalities. Our results demonstrated that hMT+/V5 is a multi-modal motion 
processing region that has shared information across modalities, while maintaining a unique 
response code for each modality.  

Multisensory motion processing in hMT+/V5 

The multi-modal nature of motion processing in hMT+/V5 does not indicate that 
hMT+/V5 processes the two modalities separately, or that there is no interplay between the 
two modalities. On the behavioral level, there is an interplay between the processing of 
motion information from different sensory modalities. Adapting participants to tactile 
motion in one direction leads to a motion aftereffect in the visual modality, and vice versa. 
The cross-modal aftereffects suggested that there is a level of shared representation and 
information transfer between the two modalities in hMT+/V5 (Konkle et al., 2009). 
Moreover, integrating motion information from different sensory modalities modulates the 
activity of hMT+/V5 (Alink et al., 2008; Scheef et al., 2009). Therefore, the multisensory 
processing and integration of motion information in hMT+/V5 to one coherent percept is 
advantageous in terms of neural processing, and beneficial on the behavioral level in the 
perception of  our multisensory environment (Soto-Faraco et al., 2003). 

Development of the visual motion system in the early blind 

Despite the mentioned debate regarding the recruitment of hMT+/V5 during non-
visual motion processing in the sighted (Battal et al., 2018; Dormal et al., 2016; Jiang et al., 
2014, 2015; Poirier et al., 2005; Ricciardi et al., 2007; Saenz et al., 2008; Van Kemenade et 
al., 2014), there is an agreement on the recruitment of the visual cortex during non-visual 
processing in the visually-deprived individuals (Büchel et al., 1998; Pietrini et al., 2004; 
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Sadato et al., 1996; Weeks et al., 2000). During my PhD, I was also involved in multiple 
projects investigating the cross-modal reorganization of the “visual” motion system during 
auditory motion processing, as well as investigating the structural connections between the 
visual motion area hMT+/V5 and the auditory motion area PT. These projects provided a 
unique opportunity to work with more data to understand the organization and the 
development of hMT+/V5 in the absence of visual input. Using machine learning 
techniques (as that presented in chapter 2), the analysis demonstrated that different planes 
of auditory motion could be decoded in both the sighted and the early blind (EB). However, 
more auditory motion information was present in hMT+/V5 in the EB due to cross-modal 
plasticity (Figure 5.1). This was compensated by reduced auditory motion information in 
PT in the EB, suggesting a re-allocation of the computational load from PT to hMT+/V5 
(Dormal et al., 2016).  

These results were later replicated in a second project in our lab where different 
auditory motion directions were decoded from hMT+/V5 in both groups, and with higher 
auditory motion information in hMT+/V5, and lower auditory motion information in PT in 
the EB (Figure 5.2; Battal et al., 2018). We then investigated how auditory motion could 
reach hMT+/V5 in the sighted and the EB by looking at the structural connectivity between 
hMT+/V5 and PT. Our results demonstrated that direct connections exist between the two 
motion processing regions. These results were also replicated when using an independent 
large-scale dataset from the human connectome project (Figure 5.3). These findings provide 
strong evidence for direct connections between PT and hMT+/V5. These results potentially 
explain how auditory motion information reaches hMT+/V5, and why PT redistributes its 
computational load to hMT+/V5 in the case of early visual deprivation (Gurtubay-Antolin 
et al., 2021). 
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Figure 5.1 Auditory motion plane decoding in the early blind 
Multi-class decoding of different auditory motion stimuli (in-depth motion, lateral motion, static): The 
top panel depicts regions showing above chance level (33.33%) decoding in the sighted and the early 
blind group (p-uncorrected < 0.001). The bottom panel depicts regions showing significantly higher 
decoding accuracy in the early blind compared to the sighted group and in the sighted compared to 
blind group (p-uncorrected < 0.001). The results demonstrate the presence of more auditory motion 
information in hMT+/V5, and reduced auditory motion information in PT in the early blind. For 
illustration purposes, the mean decoding accuracy (± SEM) of the 3 auditory conditions (in-depth 
motion, lateral motion, and static) is plotted for the early blind and the sighted in hMT+/V5 and PT. 
The figure is adapted from (Dormal et al., 2016). 
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Figure 5.2 Auditory motion direction decoding in the early blind 
[A] The univariate results demonstrate that while PT and hMT+/V5 (or subregions of hMT+/V5) are 
recruited in the early blind and the sighted controls during auditory motion processing, hMT+/V5 
shows enhanced recruitment in the early blind. [B] Auditory Motion directions could be predicted 
above chance (25%) from the activity patterns from hMT+/V5 and PT in both groups. However, more 
auditory motion direction information was present in hMT+/V5, and less auditory motion direction 
information was present in PT in the early blind. The figure is adapted from (Battal et al., 2018). 
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Figure 5.3 Structural connectivity between hMT+/V5 and PT 
[A] Dataset 1: Group-averaged structural pathways between hMT+/V5 and PT (in blue) are 
determined using diffusion tensor imaging (DTI). hMT+/V5 and PT are shown in orange and green 
respectively. [B] Results from Dataset 2 obtained from the human connectome project (HCP): Group-
averaged structural pathways between hMT+/V5 and PT (in yellow). [C] Overlap of the hMT+/V5 – 
PT connections (from group-level ROIs) derived from Dataset 1 (red) and Dataset 2 (yellow). The 
results from the two datasets are highly overlapping advocating for the integrity and the robustness of 
the structural connection between hMT+/V5 and PT.  Results are depicted on a T1 MNI template. L: 
left, R: right. The figure is adapted from (Gurtubay-Antolin et al., 2021). 
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In addition to the enhanced recruitment of hMT+/V5 in the EB during auditory 
motion processing (Battal et al., 2018; Bedny et al., 2010; Dormal et al., 2016; Jiang et al., 
2014; Poirier et al., 2006; Ricciardi et al., 2007; Strnad et al., 2013; Wolbers, Zahorik, et 
al., 2011), it is also recruited during processing tactile motion information (Ricciardi et al., 
2007). This led researchers to suggest that cross-modal plasticity occurs in a way that 
respects the functional organization of the brain, where regions typically dedicated to 
processing visual motion information enhance their processing of non-visual motion 
information. Therefore, there is a preservation of function while switching preference for 
the spared modalities (Collignon et al., 2007; Dormal et al., 2016; Pascual-Leone & 
Hamilton, 2001). The interesting question is what drives a region to perform a specific 
function following reorganization? What drives hMT+/V5 to process non-visual motion 
information rather than performing a different cognitive function? 

As previously discussed in the introduction of the present thesis, recent theories 
suggested that functional specialization could develop due to the preference of a certain 
region to process specific    visual features, or due to its connectivity architecture (Op de 
Beeck et al., 2019). Visual features cannot explain the functional organization of the 
occipital cortex in the EB as they did not have any visual experience. The biased 
connectivity hypothesis is a strong candidate to explain the functional role of the different 
reorganized visual regions. We already demonstrated that hMT+/V5 is a multimodal 
motion processing region (Rezk et al., 2020) that has direct structural connections with PT 
(Gurtubay-Antolin et al., 2021). These direct structural connections between PT and 
hMT+/V5 potentially allows for the transfer of auditory motion information from PT to 
hMT+/V5. In the absence of visual input, these connections would drive hMT+/V5 to 
process more auditory motion information while relieving the computational load on PT 
(Battal et al., 2018; Dormal et al., 2016). Even during rest and without performing any 
specific task, our resting-state connectivity results demonstrated the presence of functional 
connectivity between hMT+/V5 and the auditory network in the EB and the sighted. 
Therefore, we claim that the multisensory nature of motion processing in hMT+/V5, and its 
connectivity with other motion processing regions from a different sensory network is what 
drives its functional role in processing non-visual motion following early visual 
deprivation.  

Development of the visual motion system in the late blind 

We briefly discussed the effect of early and permanent visual deprivation on the 
reorganization of the visual motion system (Battal et al., 2018; Bedny et al., 2010; Dormal 
et al., 2016; Poirier et al., 2006). We also proposed that the cross-modal reorganization 
observed in hMT+/V5 might link to its intrinsic multi-modal nature (Rezk et al., 2020) and 
its potentially innate connectivity with the auditory motion network (Gurtubay-Antolin et 
al., 2021). However, what is the critical/sensitive period for hMT+/V5 to reorganize to have 
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an enhanced preference for non-visual motion? Studies investigating the effect of early 
visual experience used the late blind (LB) as a model of late visual deprivation. LB 
individuals had years of visual experience which was followed by late and permanent visual 
deprivation. Studies demonstrated that the reorganization of the dorsal stream in the LB 
was either absent (Bedny et al., 2010) or reduced when compared with the EB (Collignon et 
al., 2013). This suggested that early visual experience shaped the architecture of the visual 
system making it less malleable to cross-modal reorganization. That is not to say that the 
visual system is immune to cross-modal reorganization in the LB (Voss et al., 2006). The 
visual system can reorganize following visual deprivation to process non-visual 
information, however, it will not be as extended or as strong as in the case of early 
blindness (Bedny et al., 2012; Collignon et al., 2013; Voss et al., 2008). Even blindfolding 
sighted individuals for a few days can lead to the recruitment of the visual cortex during 
tactile processing, however, following the restoration of visual input, the activity of the 
visual cortex returns to its normal state before deprivation (Merabet et al., 2008). 

Development of the visual motion system in the cataract-
reversal patients 

In addition to our studies in permanently blind people, we investigated how critical 
is visual experience during the sensitive period early in life for the development of the 
visual motion system. Cataract-reversal patients who had their cataract removed early in 
life represent a unique model of brief and early visual deprivation followed by a long period 
of visual experience. How does a temporary absence of visual input influence the 
development of the visual motion system? Some studies investigated whether the brief 
visual deprivation will trigger a reorganization of hMT+/V5 to process non-visual 
information, however, the cross-modal reorganization was observed in the early visual 
cortex rather than in hMT+/V5 (Collignon et al., 2015). This was a bit surprising 
considering that previous studies demonstrated an impairment in global motion processing 
in the visual modality (Ellemberg et al., 2002; Hadad et al., 2012) and an enhancement in 
auditory motion direction discrimination (Bottari et al., 2018) in the cataract-reversal 
patients. Similarly, animal studies in kittens highlighted that bilateral visual deprivation for 
a few days in the first weeks in life can lead to permanent deficits in global motion 
processing (Mitchell et al., 2009). Due to the role of hMT+/V5 in processing global motion 
(Braddick et al., 2001; Rees et al., 2000), it was speculated that such impairments in global 
motion processing in the cataract-reversal patients are arising from altered functioning of 
hMT+/V5 (Ellemberg et al., 2002; Hadad et al., 2012; Mitchell et al., 2009). However, the 
development of the early and higher-order visual regions following brief early visual 
deprivation has not been properly tested.  

In chapter 3 of the present thesis, we investigated the development of the visual 
motion system following brief early visual deprivation due to congenital bilateral cataract. 
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Our results demonstrated that the brief and early visual deprivation had an effect on the 
early visual cortex, and not on hMT+/V5 (Mitchell et al., 2009). The early visual cortex in 
the cataract-reversal patients showed reduced recruitment during visual motion processing, 
and reduced interhemispheric resting-state connectivity. Moreover, the motion selectivity in 
the early visual cortex correlated negatively with the duration of visual deprivation, and 
also showed a trend of negative correlation with their behavioral performance in a motion 
direction discrimination task. Additionally, predicting the perceived motion direction from 
the activity patterns from V1 was lower in the cataract-reversal patients than in the controls. 
No univariate and multivariate alterations were found in the response profile of hMT+/V5 
in the cataract-reversal patients. These results altogether indicate that the deficits were 
limited to the early visual cortex while sparing hMT+/V5. This would indicate that V1 is 
more sensitive to the presence/absence of visual experience to develop in a typical fashion.  

Is hMT+/V5 immune to change 

Our results in the cataract-reversal patients indicated no changes in the functional 
recruitment or in the motion direction information in hMT+/V5. However, we are not 
implying that early brief visual deprivation has no impact at all on hMT+/V5. Studies have 
already demonstrated that there are impairments in multisensory integration in higher-order 
visual regions in the occipito-temporal junction, as well as in higher order auditory regions 
in the superior temporal gyrus in individuals with a history of congenital bilateral cataract 
(Guerreiro, Putzar, et al., 2015). The responses in hMT+/V5 are modulated by different 
factors as motion direction, speed, and coherence levels (Braddick et al., 2001; Chawla et 
al., 1998; Maunsell & Van Essen, 1983; Rees et al., 2000). In our experiment, we used 
100% coherence stimuli that are optimal for MVPA and for predicting the perceived 
motion direction. However, if the coherence level or the speed of motion are modulated, we 
might observe differences between the groups in the recruitment level of hMT+/V5, 
however, this remains to be investigated. What we can conclude with confidence is that 
with salient visual motion stimuli (100% coherence), no differences were observed between 
the two groups in hMT+/V5. This would indicate that the maladaptive changes due to brief 
early visual deprivation are more prominent in the early visual cortex, and not in hMT+/V5 
as previously suggested (Ellemberg et al., 2002; Hadad et al., 2015; Mitchell et al., 2009).  

Cross-modal reorganization in the cataract-reversal 
patients 

Our experiment in chapter 3 focused on the maladaptive plasticity of the visual 
motion system in the cataract-reversal patients as a result of brief and early visual 
deprivation. We focused on motion and the visual motion system, however, there are other 
long-lasting maladaptive consequences in others domains as visual acuity (Lewis et al., 
1995; Lewis & Maurer, 2009; Maurer, 2017; Maurer & Lewis, 2001) or face processing 
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(De Heering & Maurer, 2014; Le Grand et al., 2001; Maurer, 2017). There are also 
impairments in multisensory integration that could be due to the brain relying less on the 
noisy signal from the visual input, and relying more on the stable auditory input (de 
Heering et al., 2016; Guerreiro, Putzar, et al., 2015). But are the maladaptive changes in 
visual processing compensated with cross-modal plastic changes in the visual system? 
Recently, it has been demonstrated that the occipital cortex in the cataract-reversal patients 
showed enhanced recruitment during auditory processing. Interestingly, the regions that 
showed enhanced recruitment in the cataract-reversal patients during auditory processing 
were limited to the early visual cortex, and did not include the higher order motion area 
hMT+/V5 (Collignon et al., 2015). As our findings showed that the highest impairment in 
visual motion processing was in the early visual cortex, this would suggest that the 
maladaptive changes in the visual domain were compensated in the auditory domain. We 
can infer that the absence of visual input early in life is what impaired the early visual 
cortex to process visual information, and at the same time initiated its reorganization to 
allow it to perform auditory computations. On the other hand, hMT+/V5 in the cataract-
reversal patients and the controls showed enhanced recruitment during processing auditory 
motion, and no differences between the two groups were observed (Collignon et al., 2015). 
We speculate that the multisensory nature of hMT+/V5 is what makes it more resilient to a 
brief period of visual deprivation, and allows it to maintain its role in processing visual and 
auditory motion.  

Connectivity architecture of the visual motion system 
in the cataract-reversal patients 

Since most of the feedforward input to hMT+/V5 comes from V1 (Desimone & 
Ungerleider, 1986; Rockland, 1989), and since there was reduced connectivity between the 
early visual cortex and hMT+/V5, then why was there no reduction in the recruitment of 
hMT+/V5 during visual motion processing in the cataract-reversal patients?   Studies 
demonstrated that in the case of V1 damage, hMT+/V5 still shows significant responses to 
visual motion stimuli (Ajina, Kennard, et al., 2015). In blindsight individuals, with 
damaged early visual cortex, the visual information arrives to hMT+/V5 through the intact 
connections between the lateral geniculate nucleus (LGN) and hMT+/V5 (Ajina & Bridge, 
2018, 2019; Bridge et al., 2019). Blindsight individuals were able to discriminate motion 
directions when they had intact connections between the LGN and hMT+/V5. Oppositely, 
individuals who couldn’t discriminate visual motion directions had impairments in the 
connections between LGN and hMT+/V5 (Ajina & Bridge, 2018).  

As a result of the impairments in the early visual cortex in the cataract-reversal 
patients, the subcortical route between the LGN and hMT+/V5 could mediate visual 
information to hMT+/V5. However, this remains to be explored. We did observe some 
trends in our data to suggest reduced connectivity between the LGN and the early visual 
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cortex. Despite the absence of difference between the cataract-reversal patients and the 
controls, the task-based functional connectivity and the resting-state connectivity indicated 
significant connections between the LGN and the early visual cortex in the controls but not 
in the cataract. We are currently exploring other techniques, as diffusion tensor imaging 
(DTI), where we will investigate the structural connections between the LGN, the pulvinar, 
V1, and hMT+/V5. This could potentially provide more insight regarding the connectivity 
between the subcortical and the cortical visual regions as observed in the blindsight 
individuals (Ajina, Pestilli, et al., 2015; Ajina & Bridge, 2018, 2019).   

Functional connectivity and plasticity 

We demonstrated that visual deprivation even for a short period early in life can 
have an influence on the connectivity architecture of the visual system. Many studies 
investigated the effect of long-term visual deprivation on the connectivity profile of the 
visual system (Liu et al., 2007; Qin et al., 2013; Yu et al., 2008). However, recent studies 
started to question whether plasticity is what drives connectivity changes, or whether 
connectivity is what drives plasticity (Hannagan et al., 2015; J. Li et al., 2019). Recent 
studies suggested that the cortical reorganization observed in the visually deprived follows 
a pattern that is correlated with the connectivity architecture. Or even more generally, the 
emergence of a functional specialization in a certain region could be derived by its 
connectivity architecture (Hannagan et al., 2015; Op de Beeck et al., 2019). For instance, 
the visual form area (VWFA) in the left hemisphere is specialized in processing visual 
words (L. Cohen et al., 2000; Dehaene & Cohen, 2011). In the case of visual deprivation, 
the VWFA is recruited during braille-reading despite the lack of any visual experience. So, 
is the “visual” word form area really visual? Or is it a language area? What drives the 
VWFA to process language information? It has been suggested that this functional 
specialization is due to the connectivity of the VWFA with the language network in the left 
hemisphere (Bouhali et al., 2014; Stevens et al., 2017). This connectivity is present even in 
neonates before acquiring any language skills (J. Li et al., 2019). So, this connectivity 
structure could drive the functional organization of this region. If vision is present, the 
VWFA, still being a part of the visual system, will process language information from the 
dominant visual modality (Dehaene et al., 2002). However, if vision is absent, relying on 
the same connectivity structure, the VWFA will process language-related information from 
the spared modality (Reich et al., 2011). Looking at the visual motion system, hMT+/V5 is 
strongly recruited during auditory motion processing in the case of early visual deprivation 
(Battal et al., 2018; Bedny et al., 2010; Dormal et al., 2016; Jiang et al., 2014; Poirier et al., 
2006; Wolbers, Zahorik, et al., 2011). The presence of direct structural connections 
between hMT+/V5 and PT (Gurtubay-Antolin et al., 2021) support the hypothesis that the 
reorganized hMT+/V5 might rely on the pre-existing connectivity architecture of 
hMT+/V5. Therefore, mapping the structural and functional connectivity profile of 
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hMT+/V5 is necessary to understand its development and its reorganization in the case of 
visual deprivation.  

In chapter 4 of the present thesis, we investigated the resting connectivity 
architecture of hMT+/V5. Some studies suggested that early visual deprivation triggers a 
strong reorganization in the resting connectivity profile of the occipital cortex (Burton et 
al., 2014; Liu et al., 2007; Qin et al., 2013; Yu et al., 2008). Other studies suggested that the 
connectivity profile of the early visual cortex develops in the same manner, and is not 
dependent on visual experience (Bock et al., 2015; Striem-amit et al., 2015). However, 
these studies either focused on the early visual cortex or on large-scale brain networks. In 
our study, we focused on hMT+/V5 and the organization of its connectivity architecture 
within the visual motion network, and with the auditory and the tactile networks. Our 
results suggested that there is a connectivity architecture that is present within the visual 
motion system regardless of visual experience (Bock et al., 2015; Striem-amit et al., 2015). 
Oppositely, when investigating the connectivity profile of hMT+/V5 with the non-visual 
sensory networks, we found a reduced connectivity with the somatosensory network. This 
result is in line with studies suggesting reduced connectivity between the occipital cortex 
and the non-visual sensory networks in the EB (Burton et al., 2014; Liu et al., 2007; Yu et 
al., 2008). We also investigated the impact of blindness onset on the connectivity profile of 
hMT+/V5. The multisensory connectivity profile of hMT+/V5 was altered in the EB. 
Moreover, the connectivity fingerprint of hMT+/V5 with different sensory networks in the 
EB was not similar to that in the sighted. Oppositely, the multisensory connectivity profile 
of hMT+/V5 in the LB was highly similar to that in the sighted, with no differences 
between the two groups. These results suggested that late visual deprivation had little effect 
on the connectivity profile of hMT+/V5. The years of visual experience before blindness 
onset in the LB developed and stabilized the architecture of the visual motion system, and 
made it more resistant to reorganization (Bedny et al., 2010). 

Limitations of inferring functional reorganization from 
resting-state connectivity 

Resting-state fMRI focuses on the low frequency fluctuations in the blood oxygen-
level-dependent (BOLD) signal (Biswal et al., 1995). Early resting-state studies 
demonstrated that the brain activity in a certain brain region correlated with other regions 
belonging to the same functional network (Biswal et al., 1995; Biswal, Kylen, et al., 1997; 
Fox et al., 2005). This suggested that resting-state functional connectivity could reflect the 
functional organization of the brain (Beckmann et al., 2005; Yeo et al., 2011). Recent 
studies demonstrated that, indeed, when testing individuals at different cognitive states (as 
resting-state, or movie-viewing, or performing a motor task), there will be commonalities in 
the connectivity architecture. However, there will also be state-dependent connectivity 
differences (Geerligs et al., 2015). Studies also investigated whether functional connectivity 
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also reflects the structural connectivity between different brain regions. It was demonstrated 
that the presence of structural connections between different regions is a predictor of high 
functional connectivity between those regions. however, the opposite is not true. The 
presence of high functional connectivity between different regions is not an indicator of 
direct structural connections between them (Honey et al., 2009; Koch et al., 2002). 
Therefore, inferences from resting-state studies about the structural/functional organization 
of the brain should be done with caution. 

Despite the popularity of using resting-state functional connectivity to understand 
the reorganization of the brain following visual deprivation, and despite the interesting 
inferred results from resting-state studies, certain limitations need to be mentioned and 
discussed. When investigating the reorganization of the brain, some resting-state 
connectivity results aligned with the functional reorganization of different functionally 
specialized regions. Regions that showed similar connectivity profiles across groups are the 
same regions that suggested an abstracted category representation across groups or 
modalities (X. Wang et al., 2015). The enhanced occipital connectivity with the language 
network aligns with the EB’s occipital recruitment during language processing (Bedny et 
al., 2011). However, this is not always the case. For example, while the occipital cortex and 
hMT+/V5 are recruited during performing tactile tasks in the EB (Burton et al., 2004; 
Ricciardi et al., 2007), the resting-state functional connectivity of the occipital cortex with 
the somatosensory cortex is strongly reduced (Burton et al., 2014; Liu et al., 2007).  

In chapter 4, we discussed two theories that explained why the connectivity 
between the visual and the tactile networks in the EB is reduced rather than enhanced. The 
first theory suggests that the reorganized occipital cortex in the EB acts as a multiple 
demand system (Duncan & Owen, 2000), and is recruited during performing different 
cognitive tasks (Amedi et al., 2003; Poirier et al., 2006; Ricciardi et al., 2007). During rest, 
the occipital cortex in the EB will keep switching its connectivity with different brain 
networks leading to a higher variability of the occipital’s connectivity profile across time. 
However, when performing a specific cognitive task (e.g., as auditory or tactile processing), 
the occipital cortex will be dedicated to perform the task, and will therefore have less 
variability in its connectivity profile, and will enhance its connectivity with the non-visual 
sensory networks (Pelland et al., 2017). This theory works well when speaking about the 
connectivity of visual areas with the somatosensory or auditory networks. However, it 
doesn’t explain how the visual cortex shows enhanced resting-state connectivity with the 
language network  (Bedny et al., 2011; Watkins et al., 2012). It is unlikely that the visual 
cortex is constantly shifting its connectivity to different brain networks resulting in the 
reduced connectivity with the somatosensory cortex, but at the same time systematically 
increasing its connectivity with the language network. 
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The second theory suggested that the brain acts as a mixture-of-experts model, 
where there are different expert networks performing specific functions, and a gating 
network that assigns different weights to the expert networks. This theory suggested that 
the reorganized hMT+/V5 becomes an additional expert network for non-visual motion 
processing. Therefore, the gating network will orthogonalize the output from hMT+/V5 and 
the auditory/somatosensory network leading to a reduced correlation. However, this theory 
fails to explain why when performing an auditory/tactile motion task, the connectivity 
between hMT+/V5 and the auditory/somatosensory network is enhanced (Dormal et al., 
2016; Sani et al., 2010). Why would the gating network orthogonalize the outputs from 
hMT+/V5 and the auditory/tactile expert networks only during rest, but not during 
performing a task? Moreover, the same theory even fails if applied to another domain. If the 
occipital cortex in the EB is reorganized to process language related information, wouldn’t 
that lead to the emergence of another expert network in the occipital cortex as was proposed 
in the case of motion processing? Then this theory should expect reduced connectivity of 
the occipital cortex in the EB with the frontal language regions, which is not the case 
(Bedny et al., 2011; Watkins et al., 2012). Both theories work in part when addressing 
specific examples of cross-modal plasticity. However, they do not generalize to explain the 
observed reorganization to process different domains. 

That is not to undermine the importance of investigating the resting connectivity 
architecture of the occipital cortex in the EB. Future research should investigate and 
provide some mechanistic explanation to why the occipital’s connectivity changes are 
different across different domains and networks (e.g., reduced with the tactile network 
while enhanced with the language network). Nevertheless, mapping the connectivity 
architecture in the EB is necessary to understand the impact of visual deprivation during the 
early sensitive period in life. Resting-state analysis is built on the assumption that the 
resting connectivity profile reflects the functional organization in the brain (Biswal et al., 
1995; Fox et al., 2005; Yeo et al., 2011).However, as previously discussed, despite the 
commonalities in the connectivity architecture across different cognitive states in sighted 
individuals, there are still some connectivity differences that are modulated by the 
performed task and the cognitive state (Geerligs et al., 2015). More strikingly, the 
connectivity between different regions in the EB could even switch its profile at different 
cognitive states (e.g., reduced connectivity between occipital and the tactile network during 
rest (Burton et al., 2014; Liu et al., 2007) and enhanced connectivity during performing a 
tactile motion task (Sani et al., 2010)). Therefore, resting-state connectivity in the EB might 
not be a perfect reflection of functional connectivity when performing different cognitive 
tasks. It might be necessary to modify how we test the connectivity between brain regions 
in the visually deprived. One proposition is to replace resting-state designs with naturalistic 
complex stimuli (as audio-movies) as this might be a closer reflection of the functional 
connectivity in the EB when performing certain cognitive tasks (as auditory processing or 
language processing). It would also be interesting to compare the similarities and 
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differences between the connectivity profile in the EB during rest and during performing a 
complex cognitive task (as audio-movie processing). This will directly test if the 
assumptions used in resting-state analysis are valid in the visually deprived, and whether 
it’s better to use natural stimuli, or combine it with resting-state, to map the connectivity 
architecture in the blind. Moreover, investigating the link between the changes in the 
resting-state connectivity and the structural connectivity (Bauer et al., 2017) could 
potentially connect the missing dots of why the visual system reorganizes in this way 
following visual deprivation.  

Models of the development of the visual motion system 

Lastly, we summarize our findings in the present thesis, and integrate it with 
previous studies investigating the development of the visual motion system and visual 
deprivation. We propose the following models for the development of the “visual” motion 
system.  

Typical visual development 

In individuals who had a typical visual development, visual information reaches 
the early visual cortex through the LGN (Figure 5.4A). Visual motion information is 
transmitted to the higher-order visual motion area hMT+/V5 thought feedforward 
connections (Rockland, 1989, 1995). Additional pathways exist for visual motion 
information to reach hMT+/V5 through subcortical connections between the LGN or the 
pulvinar and hMT+/V5, however these pathways are small, compared to the main cortical 
pathway from the early visual cortex (Maunsell & van Essen, 1983; Sincich et al., 2004). 
Visual motion directions are represented in hMT+/V5 in an axis-of-motion columnar 
organization structure (Albright et al., 1984b; Zimmermann et al., 2011). Despite being a 
dominantly visual area, hMT+/V5 also processes auditory (or tactile) motion information 
(Battal et al., 2018; Dormal et al., 2016; Hagen et al., 2002; Poirier et al., 2005; Ricciardi et 
al., 2007; Van Kemenade et al., 2014). The representation of the auditory motion directions 
follows a similar axis-of-motion organization as that observed in vision. In spite of the 
similarities between the visual and the auditory motion direction representation in 
hMT+/V5, there is a distinguishable response code for the auditory and the visual modality 
(Rezk et al., 2020). This indicates that hMT+/V5 is multimodal in nature, and is not blind to 
the sensory modality input. The auditory information reaches hMT+/V5 from the auditory 
motion region PT which also has an axis-of-motion organization (Battal et al., 2019). This 
information is most likely mediated through the direct structural connections between PT 
and hMT+/V5 (Gurtubay-Antolin et al., 2021). 
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Figure 5.4 Models of the development of the visual motion system. 
[A] In the typical development, most of the visual input arriving to V1 comes from the LGN. For 
hMT/V5, most of the visual input arrive from feedforward connections from V1, in addition to less 
stronger connections from the LGN. hMT+/V5, a mainly dominant visual motion region, also 
represents non-visual motion information and is connected to the auditory motion area PT. [B] In the 
case of early-brief visual deprivation, hMT+/V5 is more resilient to plastic changes than V1 which is 
strongly impaired in the visual domain and connects less with hMT+/V5 during visual motion 
processing. Visual motion information could arrive to hMT+/V5 through non-impaired subcortical 
routes from the LGN. The maladaptive plasticity in V1 is compensated by adaptive beneficial 
plasticity for non-visual processing. However, the route for auditory information to reach V1 in the 
case of early brief visual deprivation needs to be investigated. [C] In the case of early permanent 
blindness, the early visual cortex and hMT+/V5 are massively reorganized to process non-visual 
information. Auditory motion information processing is enhanced in hMT+/V5 in the EB and 
therefore reducing the computational load and auditory processing in PT. [D] In the case of late 
visual deprivation, the visual system has already been developed, and the connections and functions 
are well established. Cross-modal changes in the dorsal stream might be either absent or present in a 
smaller magnitude than that in the EB. Red color represents visual processing, while blue color 
represents auditory processing. Dashed lines represent impaired connections. LGN: lateral 
geniculate nucleus, PT: planum temporale, IC: inferior colliculus. 

Brief early visual deprivation 

If brief visual deprivation occurs during the sensitive period early in life, the early 
visual cortex (V1) is highly reorganized (Collignon et al., 2015; Guerreiro, Erfort, et al., 
2015). The recruitment of the early visual cortex for visual motion processing is highly 
reduced (Figure 5.4B). This reduced recruitment will be correlated with the duration of 
visual deprivation. Additionally, the connectivity between the early visual cortex and 
hMT+/V5 will be reduced, as well as the resting-state inter-hemispheric connectivity 
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between the early visual areas.  hMT+/V5 will be more resilient to reorganization following 
early brief visual deprivation, and will still be able to perform its function without (or with 
minimal) impairment. This could probably be due to its multi-modal organization that 
allows it to maintain its role to process motion information from different sensory 
modalities and to be more resilient to visual deprivation if it occurs for a transient period. 
Another possibility is that hMT+/V5 receives motion information from alternative 
subcortical routes, however, this hypothesis needs to be investigated. The produced 
maladaptive plasticity in the early visual cortex will be compensated by cross-modal plastic 
changes to allow the early visual cortex to process non-visual information  (Collignon et al., 
2015).  Non-visual motion information will be mainly processed in the auditory motion 
network (Alink et al., 2012; Baumgart et al., 1999; Lewis et al., 2000), as well as hMT+/V5 
just like in the sighted controls (Battal et al., 2018; Dormal et al., 2016; Poirier et al., 2005).   

Early permanent visual deprivation 

If permanent and long-lasting visual deprivation occurs during the early sensitive 
period in life, the occipital cortex will be massively reorganized (Büchel et al., 1998; 
Pietrini et al., 2004; Sadato et al., 1996; Weeks et al., 2000). The early and higher-order 
visual areas will be reorganized to process auditory (or tactile) motion information. The 
multi-modal hMT+/V5 will adapt to the absence of visual input and reorganize to have an 
enhanced processing of non-visual motion information (Battal et al., 2018; Bedny et al., 
2010; Dormal et al., 2016; Ricciardi et al., 2007). This will lead to a stronger recruitment of 
hMT+/V5 to non-visual motion in the EB compared to sighted controls (Figure 5.4C). Non-
visual motion direction information in hMT+/V5 will be more reliable in the EB than the 
sighted. The reorganized hMT+/V5 in the EB will reduce the computational load on PT, 
and therefore, will lead to reduced auditory motion direction information in PT (Battal et 
al., 2018; Dormal et al., 2016). The strong reorganization of hMT+/V5 to maintain its 
functional organization is likely mediated through its organization as a part of dorsal stream 
which processes spatial and motion information (Goodale & Milner, 1992), and its 
structural connectivity with PT (Gurtubay-Antolin et al., 2021), which performs a similar 
functional role in a different modality (Alink et al., 2012; Baumgart et al., 1999; Pavani et 
al., 2002). The resting connectivity profile of hMT+/V5 within the visual motion network 
will be similar to that in the sighted. However, it’s connectivity with non-visual sensory 
networks will be modulated by the performed task. During rest, the hMT+/V5 connectivity 
with the non-visual sensory networks will be reduced (Burton et al., 2014; Liu et al., 2007). 
During performing a non-visual motion or a spatial task, the connectivity profile will be 
reversed and enhanced (Dormal et al., 2016; Pelland et al., 2017; Sani et al., 2010).  
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Late visual deprivation 

If visual deprivation occurs late in life, the development of the visual motion 
system will be well established. Cross-modal reorganization will be minimal. In the 
presence of cross-modal recruitment of the dorsal stream (including hMT+/V5) in auditory 
spatial tasks, the recruitment will have a lesser extent, and will not be as functionally 
selective as in the EB (Collignon et al., 2013). There are also suggestions that hMT+/V5 is 
not reorganized to process auditory motion information in the LB (Bedny et al., 2010). 
However, with the more recent techniques as MVPA, and our results in the sighted, we 
expect to find auditory motion information in hMT+/V5 in the LB. If there is any gain in 
non-visual motion processing in the LB, it won’t be as strong as in the EB. The years of 
visual experience before visual deprivation will have shaped the visual motion system and 
sedimented its visual nature. (Figure 5.4D). The connectivity profile of hMT+/V5 during 
rest will be impacted by late visual deprivation. However, it will be much less than that in 
the EB. Moreover, it’s connectivity with the non-visual sensory networks will be much less 
impacted. 
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Summary 

The present thesis comprehensively investigated the higher-order motion 
processing region hMT+/V5. In the first study, we investigated the representation of visual 
and auditory motion directions in hMT+/V5, and demonstrated that hMT+/V5 represents 
motion direction information in a multisensory fashion with shared information between 
the senses. In the second study, we investigated the impact of brief early visual deprivation 
on the development of the visual motion network. Our results demonstrated that early brief 
visual deprivation had a region-specific impact on the early visual areas, while hMT+/V5 
showed resilience to deprivation. In the third study, we investigated how the onset of 
permanent visual deprivation impacts the resting-state connectivity profile of hMT+/V5. 
The results demonstrated that the connectivity profile of hMT+/V5 with different visual 
regions within the visual motion network was not dependent on visual experience. 
Oppositely, the connectivity profile of hMT+/V5 with non-visual networks was impacted 
by the absence of visual experience and the onset of visual deprivation.  
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