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Abstract 
 

FMRI in general and more explicitly population receptive field (pRF) and connective field 

(CF) models were used to elucidate the neuronal substrate of unexplained visual functions, 

which cannot be addressed via anatomical imaging regimes or animal studies. pRF modelling 

is a technique that models the part of the visual field that is represented by a brain volume 

unit (voxel). Connective field modelling assesses the dependence between signals in distinct 

regions, e.g., parts of the cortical surface in V1 that are represented by voxels in, e.g., V2.  

Complex concepts such as binocular summation and feedback/feedforward control in 

health, and foveal crowding and simultanagnosia in the disease states are fascinating 

phenomena of which the neural mechanisms are not fully understood. Foveal crowding and 

simultanagnosia may result from, respectively, extended spatial perception and shrinkage of 

spatial span. In this project, it will be shown that pRF and CF features could elucidate the 

underlying neural mechanisms of these and other phenomena. 

 

In this project, I used the pRF and CF models to assess standing questions about 

neural substrates of visual processes in health and disease. The first project entailed assessing 

the roles of pRF size and amplitude in binocular summation. In the second project, I used an 

assessment of pRF size changes to account for simultanagnosia and foveal crowding. Then, 

in the third project, I used the CF to assess the underlying connectivity. 

 

 First project: Thirteen participants with normal vision viewed pRF modelling stimuli 

(drifting bars) in three sessions (1. both eyes; 2. dominant eye; 3. nondominant eye) in an 

fMRI scanner. Subsequently the amplitude and pRF size binocular summation ratio were 

calculated dividing the binocular response by the average monocular response. 

I found amplitude-based summation ratios larger than one, suggesting larger binocular 

than monocular amplitudes. pRF size or amplitude did not differ between dominant and 

nondominant eyes. Further, pRF summation ratios did not differ from one, suggesting that 

binocular pRF sizes were similar to monocular ones.  

Thus, any hypothetical differences between the eyes in monocular disease states such 

as optic neuritis, are likely to be caused by the disease state.  
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Second project: Five posterior cortical atrophy (PCA) patients and eight normally 

sighted age matched controls viewed pRF modelling stimuli in an fMRI scanner. pRF models 

were then applied to the resulting data. Participants also performed a masked-repetition 

priming task to evaluate visuo-spatial perception along the eccentricity axis. pRF sizes were 

correlated with behavioral task results.  

Patients demonstrated an atypical pRF mapping that varied with eccentricity, 

presenting as abnormally small peripheral and large foveal pRFs. Abnormality was seen in 

V1 as well as -to a lesser extent- in extrastriate regions.  

Behaviorally, an atypical fovea-to-periphery gradient in visual processing was found 

that correlated with found pRF properties.  

Taken together, these results suggest that modulated pRF properties, occurring as 

early in the visual stream as V1, could explain the visuo-cognitive function impairments: 

foveal crowding (larger foveal pRFs) and simultanagnosia (smaller peripheral pRFs). 

However, atrophy in PCA is known to predominantly affect extrastriate visual areas. Thus, 

how inter-area interactions between V1 and extrastriate visual areas lead to changes in V1's 

pRFs remained an open question that I decided to study in the third project. 

 

Third project: Six PCA patients and eight normally sighted controls underwent pRF 

modelling stimulus based- and resting state fMRI. The CFs were then evaluated. Both CFs with 

V1 as the source and extrastriate areas as the target, and CFs for the opposite direction were 

assessed. The difference between the two was defined as convergence magnitude. 

Under stimulus conditions, controls’ convergence magnitude increased along the visual 

pathway suggesting that spatial integration from V1 becomes larger up the visual hierarchy. 

No such slope was found in the patients. These alterations reflect changes in feedforward 

connectivity. Without a stimulus, convergence magnitude was more negative for patients than 

controls, with no slope, suggesting constant divergence along the visual hierarchy. This 

indicates a change in the feedback connections. I concluded that atrophy in one part of the 

visual system can affect other areas within the network through complex inter-visual area 

interactions, resulting in modulation of pRF properties and an ensemble of visuo-cognitive 

function impairments.  

In conclusion, I found that basic cortical changes, such as those in pRF and CF size, 

could enhance our insight in both basic and high order visual-cognitive function in health and 

disease. 
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1. Chapter 1: Introduction 
 

 

1.1. Introduction to the visual system 
 

1.1.1. Retina to visual cortex 

 

Information transmission within the visual system is highly organized with the 

ultimate goal of accomplishing high-order, complex visuo-spatial and object identity 

processing. 

As we see the world, light enters the eye, is absorbed by photoreceptor cells and 

converted into a neural signal. Via bipolar cells, the signal is then sent to the retinal ganglion 

cells (RGCs)1. RGCs project their axons to the Lateral Geniculate Nucleus (LGN) via the 

optic nerve, optic chiasm and optic tracts2. The signal is finally sent to the visual cortex 

(mainly primary visual cortex; V1) via the optic radiations2.  

 

1.1.2. Origins and features of the receptive field organization 

 

The part of the visual field that an RGC receives input from, is called the receptive 

field (RF)1, 3-6. The RF has an excitatory center and inhibitory surround; shaped by an 

intricate network of excitatory (photoreceptors via bipolar cells)1, 3 and inhibitory inputs to 

RGCs (horizontal and amacrine cells)1, 4-6. LGN neurons -in turn- receive their inputs directly 

from one or a few RGCs7. Those inputs play an important role in shaping the RF in the 

LGN7-12. Finally, the V1 simple cell RF centers originate from a number of integrated LGN 

inputs13, 14. The LGN and V1 simple cell RF surrounds are shaped by horizontal in-area 

inhibitory connections and/or feedback from (extra-)striate visual areas12, 14-27.  

More precisely, simple cell RFs are characterized by elongated excitatory and 

inhibitory subareas. Illuminating excitatory subareas increases firing rates. However, 

expanding illumination into inhibitory subareas will suppress the response. Further, simple 

cell RFs are monocular and orientation specific.13, 28, 29  

Complex cells are thought to integrate inputs from simple cells. Their RFs are 

binocular (although more sensitive to one eye than the other) and orientation specific. 
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However, these RFs do not have excitatory and inhibitory subareas, and presenting a bar in 

any subarea will lead to an increase in firing rate.13, 28, 30. 

RF sizes increase with eccentricity (distance from fixation) and along the hierarchy31-

35, meaning that V1 and especially its foveal parts has small RFs and processes key stimulus 

features at high spatial resolution, while areas that are located higher in the hierarchy, have 

larger RFs. In other words, smaller and larger RFs are thought to respectively reflect high 

spatial resolution and input integration36-41. Indeed, cortical simple cells with small RFs 

respond to high spatial frequencies and vice versa29, 42-46. However, this does not apply to 

complex cells30, 42, suggesting that the relation between spatial resolution and RF size may 

depend on context, for instance whether methods predominantly measure single or complex 

cell activity. 

To that end, localized damage as early as in V1, can cause a scotoma, while damage 

to or disruption of motion specific areas (i.e., MT, parieto-occipital areas) does not cause 

complete blindness but rather a specific motion deficit47-50.  

 

1.1.3. Two cortical visual streams: ventral for perception and dorsal for action  

 

Based on lesion studies in patients51, 52, Ungerleider and Mishkin53 suggested that 

from V1, visual processing involved two cortical visual streams: a ventral stream for object 

perception (what?) ending in the inferior temporal cortex and a dorsal stream for spatial 

perception (where?) ending in the posterior parietal cortex. They then proceeded to support 

the notion of inferior temporal and posterior parietal cortex receiving independent projections 

from V1 with results from behavioral, electrophysiological and anatomical studies in rhesus 

macaques. 

Later, Goodale and Milner54, specified that the streams can most likely be subdivided 

into a dorsal how? stream for visual processing with the purpose of action and a ventral 

what? stream for the purpose of perception.  

It should be emphasized that the ventral and dorsal stream are neither independent nor 

mutually exclusive55. McIntosh and Schenk55 suggest that the ventral and dorsal stream are 

still broadly and relatively specialized in, respectively, visual recognition and action 

guidance, but that these specializations are not absolute. After all, extensive interactions 

between the two streams have been found55. While this should be kept in mind, the (relative) 

specialization of the ventral and dorsal streams is still useful in guiding experiments and 

theory. 
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1.1.4. Binocular vision  

 

Taking the right eye as an example, the optic nerve contains monocular information 

from the temporal (representing left visual hemifield) and nasal retina (representing right 

visual hemifield)56. Then, at the chiasm, axons from the nasal retina cross the chiasm 

projecting to the left LGN, while temporal axons do not cross the chiasm, projecting to right 

LGN56, 57. Thus, after the chiasm, the right optic tract contains binocular visual information 

from the left visual hemifield originating from the left eye nasal retina and the right eye 

temporal retina57, 58. Each of the six main layers of the LGN receives inputs from the 

contralateral (nasal) or ipsilateral (temporal) retina57, 58. The primary visual cortex, in turn, is 

known to have subareas that are relatively sensitive to one of the eyes, ocular dominance 

columns, as reflected by having a larger response to one eye than the other59-61.  

From V2 onwards, the visual cortex is increasingly binocular, responding to inputs 

from either eye60, 61. Indeed, a recent neurocomputational study has shown that in V2 and 

higher order visual regions, the visual field representation is transformed from retinal 

(representing both eyes separately) to cyclopean (a single binocular representation)62. Thus, 

the images from each eye are blended into one composite binocular image in V262.  

This binocular image would not exist without the partial decussation at the chiasm. A 

full decussation (crossing of the chiasm) would mean that each eye’s full visual field, is 

represented in the contralateral hemisphere (i.e., separately). In fact, animals with their eyes 

positioned on the side of their heads like most fish, amphibians, reptiles and birds, have their 

eyes laterally placed, serving panoramic vision63. Thus, these species have complete 

decussation at their optic chiasm63. In mammals, there is increasing overlap between the 

visual fields of each eye (since they are less laterally placed), with decreasing percentages of 

crossing as we move from guinea pigs and mice (95-99%), to rats (90-95%) to cats (60-

70%)63-65. Finally, in primates, including humans, only 50-60 % of the retinal fibers cross at 

the chiasm63, 65. Thus, in primates the amount of uncrossed fibers is maximal, meaning that 

the degree to which the same part of the visual field is represented binocularly is optimized. 

The advantages of this binocular representation include broader field of view, stereopsis and 

reduction in detection threshold (relative to monocular vision)66, 67. 
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1.1.5. Visual system pathologies 

 

Visual perception is dependent on the intactness of the entire visual system. Damage 

at any stage (in the eye itself, the visual pathways, or within cortical processing) might result 

in perception disturbance. The highly organized anatomy, the clearly defined pathways and 

the fact that function is clearly reflected in behavior, makes different visual system 

pathologies a valuable model to understand global effects of local damage in one part of the 

system.  

In my thesis, I will use posterior cortical atrophy (PCA) as a model to study complex 

visual perceptual problems. PCA is a neurodegenerative disease characterized by a gradual 

decline in visual perception, spatial perception, reading difficulties, and deficits in 

mathematical processing. The term was initially coined by Benson, who described visual 

perceptual deterioration despite normal visual acuity and preserved visual fields68.  

In 2002, Mendez et al.69 proposed that the core symptoms of PCA are an insidious 

development, visual complaints in the presence of preserved visual acuity and a complex 

visual disorder with Balint’s syndrome, visual agnosia, dressing apraxia and environmental 

disorientation, while memory, language and self-awareness are preserved. Balint’s syndrome 

is characterized by simultanagnosia, oculomotor apraxia and optic ataxia. Simultanagnosia, a 

difficulty in identifying multiple stimuli presented simultaneously, is considered to be one of 

the hallmarks of the disease. Supportive diagnostic features were proposed to include, e.g., a 

presenile onset, alexia and elements of Gerstmann’s syndrome, including dysgraphia, 

dyscalculia, finger agnosia, difficulty distinguishing right and left.69 

In 2004, Tang-Wei et al.70 added radiological signs of occipital and parietal atrophy to 

those symptoms. 

More recently, a group of researchers from several leading centers of PCA research 

convened to determine a consensus for diagnosis. This entailed a three-tier diagnosis process: 

the first level defined inclusion and exclusion criteria based on both the cognitive and 

radiological signs, namely gradual development, difficulties in visual and spatial perception 

without an ophthalmological problem, and the presence of posterior atrophy in absence of 

other neurological disease or brain trauma.71 

The second level separates patients defined as pure PCA from patients with 

comorbidities, known as PCA-Plus (such as cortico-basilar degeneration). 

The third level relates to the pathology underlying the syndrome, dividing patients 

into subgroups, based on pathophysiologic biomarkers. These subgroups include PCA 
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attributable to Alzheimer's disease (PCA-AD), Lewy body disease (PCA LBD), 

Corticobasilar degeneration (PCA-CBD), and PCA-prion. 

The disease affects relatively young patients, aged 50-65, in comparison to the known 

range of other neurodegenerative diseases69. It is important to note that this is a relatively rare 

disease that affects only 1-5% of patients with Alzheimer's disease72. 

 

 

1.2. Functional MRI methods to assess the visual system  
 

1.2.1. Using fMRI to map the visual system 

 

Magnetic resonance imaging (MRI) is a method that uses differences in magnetic 

susceptibility of tissues to visualize and assess human anatomy73. The functional MRI 

approach employs the fact that the MR signal is more sensitive to oxygenated blood 

(oxyhemoglobin) than to deoxygenated blood (deoxyhemoglobin)74. When we use parts of 

our brain, the blood flow towards the brain area increases more than the oxygen consumption 

so that the blood oxygen level dependent (BOLD) response is enhanced near active brain 

areas74.  

Within the visual system, two basic fMRI mapping approaches have traditionally 

been used and reflect the different components of the visual system along its hierarchy. 

Retinotopic mapping which is more sensitive to the stimulus' topography and characterizes 

earlier visual areas75, and functional mapping which is more sensitive to the functional 

aspects of the stimuli targeting higher (in the hierarchy) cortical areas that are activated 

during the presence, as compared with the absence, of specific visual attributes like motion 

related areas (MT+76) or object identification areas (LOC77). 

Retinotopy based fMRI maps, were first created by using travelling wave 

approaches75. This approach consisted of showing participants expanding rings (for 

eccentricity) and rotating wedges (for polar angle), and then identifying the stimulus position 

to which each brain volume unit responds maximally75. The traveling wave that reverses 

directions at the boundaries between different visual areas enabled delineating visual maps 

corresponding to the different functional areas of the visual system75, 78. 
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1.2.2. Population receptive field modelling 

 

Since the traveling wave approach only allowed identifying the part of the visual field 

to which a brain voxel (volume unit) responded maximally, this did not allow scientists to 

identify the part of the visual field that is represented by the neural populations in a voxel. In 

order to do that, Dumoulin and Wandell34 developed a method to model the population 

receptive field (pRF), which not only identified the point in visual space that is maximally 

represented by a voxel (i.e., pRF location) but also the size of the pRF.  

In the pRF technique’s fMRI session, participants viewed a stimulus, such as a 

drifting bar, that systematically -in multiple steps- covered the visual field. The drifting bars, 

which we used, had four orientations (horizontal, vertical and diagonal) and moved in eight 

directions orthogonal to their orientation.  

In the analysis stage, single Gaussian (1G) pRFs are modelled with location and size 

as changeable parameters. Given a certain pRF model, the BOLD response is expected to rise 

when the bar crosses the area covered by the hypothetical pRF. Then, the pRF model that 

best fits the BOLD response is selected for each voxel.  

As an alternative to the 1G pRF, Zuiderbaan et al.79 developed the Difference of 

Gaussian (DoG) pRF, which captures both the excitatory center and inhibitory surround of 

the pRF. The 1G pRF usually has sufficient variance explained to model the BOLD response 

successfully. Still, the DoG model improves variance explained and provides additional 

insight in the inhibitory surround79. 

This approach also allows identifying visual areas of interest. For instance, Amano et 

al.35 used it to identify a lateral occipital (LO) area that mostly corresponded with LOC, and a 

temporal occipital (TO) area that mostly corresponded to MT(+). The more precise pRF 

modelling approach even allowed for delineating TO2, a retinotopic map mostly 

corresponding to MST (by revealing its coarser retinotopic organization).  

The pRF method was in line with previous RF findings in animals, in that it revealed 

increasing pRF size with eccentricity and along the hierarchy34. 

Interestingly, Welbourne et al.80 noted that spatial frequency sensitivity is lower in 

isoluminant chromatic pathways than in achromatic pathways. Based on this, they predicted 

that –if pRF size is associated with spatial frequency– chromatic isoluminant S-cone 

stimulation would lead to larger pRFs than achromatic luminance stimulation. Since no 

differences in pRF size between S-cone stimulation and luminance stimulation were found, it 

was suggested that under certain circumstances pRF size and spatial resolution can be 
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decoupled. On the other hand, it was also found that whereas pRF size increased from the 

fovea to the periphery, spatial sensitivity (sensitivity at 2 cycles per degree [cpd] minus that 

at 0.5 cpd) decreased.80  

Indeed, Duncan and Boynton81 found that larger cortical magnification factors 

(CMFs; cortical surface distances representing a 1° distance between two positions in the 

visual field) correlate with higher visual acuity. As Harvey and Dumoulin36 point out, their 

finding of an inverse correlation between CMFs and pRF size, indicates that increased visual 

acuity at large CMFs may result from smaller (p)RF sizes.  

 

1.2.3. Connective field modelling 

 

Another, more recent, approach to map the visual cortex is the connective field (CF) 

modelling82. In contrast to the pRF technique that models the part of the visual field that 

neural populations in a brain volume unit respond to34, the CF assesses how voxels in a target 

area (e.g., V2) are explained by a circular Gaussian that is folded to follow the cortical 

surface of a source area (e.g., V1)82.   

Each potential CF is defined by the changeable parameters of location on the cortical 

surface (v0) and size. The response in the target area is expected to rise, when it also rises in 

the part of the source area that is included in the modelled CF. As a representation of this 

expectation, the model is convolved with the source area BOLD response to get a target area 

BOLD prediction. Based on this prediction, the CF model that best fits the BOLD response is 

selected for each target area voxel. 
These modelling approaches are usually based on fMRI data that have been acquired 

under visual stimuli conditions82-84. Another way to study connectivity is by examining 

spontaneous neural activity, during resting state conditions (RS-fMRI)85. Herein as well, CF 

modeling predicts the activity of voxels in one visual area as a function of the aggregate 

activity in voxels in another visual area but this time in the absence of visual input85. CF size 

estimates obtained for RS-fMRI are generally smaller than those obtained under visual 

stimuli conditions and tend not to increase throughout the visual hierarchy as stimuli-based 

CFs do85.  

An important aspect of CF modeling is that it informs about the direction of 

information flow in terms of convergent versus divergent connections82. If CF sizes in the 

bottom-up flow of information are larger than those in the top-down direction, this indicates 

that visual information converges up the visual processing cortical hierarchy82. 
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1.3. pRF and CF models in Ophthalmologic and Neurologic Disorders 
 

The entry of the pRF34 and then CF modelling techniques82, 85 into the world of fMRI, 

enabled a better investigation of the neuronal substrate of visual dysfunctions. 

Ophthalmological and visual pathways disorders as well as cortical impairment were found to 

alter the pRF and CF properties86.  

 

1.3.1. Ophthalmological disorders 

 

Amblyopia is a visual disorder that is often caused by anisometropia (uneven focus 

between the eyes) or strabismus (misalignment between the eyes). It is associated with a 

reduction in best corrected visual acuity in one eye, which may be associated with larger pRF 

sizes in the amblyopic eye as compared to the fellow eye, indicating that lost neural 

resolution underlies contrast sensitivity loss that is characteristic in this disorder86, 87. 

Sight recovery after prolonged blindness was also studied through the pRF properties 

of the long-deprived cortex that later in life regained visual input. Subject MM was blind 

from the age of 3 due to loss of one eye and corneal damage in the other. Forty years later, 

MM received a corneal stem cell eye transplant which restored his retinal image. However, 

his visual abilities remained severely limited. Levin et al.88 found that his near-foveal V1 pRF 

sizes were larger and observed unusually large foveal representations in his high-order visual 

areas. A lack of small receptive field neurons in V1 was suggested as the origin of the smaller 

pRF sizes, presumably occurring as a consequence of immature small RF neurons at the time 

of MM’s accident.88  

Several groups studied the effect of retinal lesions on the cortical receptive fields89-91. 

For example, macular degeneration, where foveal retina is lesioned in both eyes and therefore 

the occipital pole is deprived of input, generated several studies and a passionate debate about 

the ability of the adult human brain to adapt to damage. To that end, it has been suggested 

that reassignment of the cortical deprived area can occur so that it responds to peripheral 

inputs, which are still intact.89 However, later studies, using pRF modelling, found no 

evidence of such reassignment, challenging the current view that adult human early visual 

brain areas have an extensive reorganization capacity90.  
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1.3.2. Visual pathways disorders 

 

As discussed, at the chiasm, in humans, 40-50 % of the (nasal) retinal axons cross the 

chiasm, while 50-60% of the (temporal) axons are uncrossed. Thus, in the intact post-

chiasmatic visual system, two overlapping visual hemifield maps are represented strictly 

contralaterally, originated from the contralateral eye nasal retina and the ipsilateral eye 

temporal retina. However, in congenital visual pathway disorders, sometimes fibers are 

characterized by mostly crossing (in e.g., albinism)56, 83, reduced crossing (in e.g., optic 

chiasm hypoplasia)92 or mostly uncrossing (in e.g., achiasma)93 retinal fibers86. In such 

disorders, the strict contralateral representation is broken, and both left and right visual 

hemifields are represented -at least partially- both in the ipsilateral and contralateral 

hemisphere86, even though basic perception is often preserved93.  

As a reflection of this, it has been found that voxels have two bilateral pRFs in the left 

and right visual hemifield, mirrored around the vertical meridian, in both achiasma93 and 

albinism83, resulting in one left and one right visual hemifield representation in the each 

hemisphere. In optic chiasm hypoplasia, the optic nerves have severely reduced crossing of 

the chiasm, but there is still some crossing. As a result, a triple visual hemifield 

representation was found in an optic chiasm hypoplasia patient92.  

While no changes in the pRF size were found in achiasma93, subtle changes in the 

pRF size were found in albinism83 and chiasmic hypoplasia92. pRF sizes in albinistic subjects 

were larger but as in sighted controls became larger with eccentricity and from V1 to V2 to 

V3. Surprisingly, CF size for V1 to V3 was not larger than that for V1 to V2, even though it 

does become larger in normal vision.83 Thus, it seems that even in the absence of obvious 

changes in pRF size, the hierarchical structure as expressed in CF size may change, 

suggesting a role for cortico-cortical reorganizational mechanisms.  

 

1.3.3. Cortical disorders 

 

Hemianopia or quadrantanopia refers to loss of vision affecting half or quarter of the 

field of vision and is most commonly caused by contralateral cortical damage caused by 

stroke, brain tumor, or trauma. Papanikolaou et al.47 measured human V1 pRF properties in 

quadrantanopia patients and reported limited changes in the parts of V1 that represent the part 

of the visual field unaffected by the quadrantanopia. However, pRF features were reported to 

have changed. Firstly, in spared V1, a slight shift of pRF centers towards the scotoma border 



 25 

occurred in two of five patients. Further, slight enlargements of the pRF size were found near 

the lesion border and in the contra-lesional hemisphere.47 

 

Hemispherectomy is a very rare neurosurgical procedure in which one cerebral 

hemisphere is removed, disconnected, or disabled resulting, among other disabilities, in 

hemianopia. Retino-cortical (using pRF modelling) and cortico-cortical (using CF modelling) 

projections in the remaining hemisphere of a single patient who underwent hemispherectomy 

at the age of three were recently reported84, 94.  

The remaining hemisphere of this patient exhibited normal visual field map 

organization but with an exceptionally large foveal visual field representation and with pRF 

sizes that were significantly smaller in visual area LO but not in early visual regions. It was 

speculated that the small receptive fields were a consequence of opposite cerebral hemisphere 

input deprival of the pRFs and that the enlarged representation of the foveal visual field may 

result from disrupted development both due to epileptic seizures that the hemispherectomy 

aimed to treat and due to the surgery at the age of three itself. Alternatively, the opposite 

hemisphere removal may have caused area LO neurons to dysfunction, which in turn resulted 

in redistribution of these neuronal resources to other visual functions that require highly 

detailed foveal visual field processing.94  

In the same patient, resting state based connective fields were abnormally large 

between V1 and both early and late visual areas, while they were only enlarged in early 

visual areas after stimulation. It was suggested that this indicated functional reorganization or 

unmasked suppressive feedback that is normally masked through interhemispheric signals.84 
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1.4 Study aims   
 

The overall aim of my research has been to explore population receptive field and 

connective field models to assess standing questions about the neural substrates of visual 

processes in health and disease.  

Under this aim, I have conducted several studies, with the following specific aims. 

 

Specific aims: 

 

1. To explore population receptive field properties in binocularity and ocular 

dominance 

The neural substrate of binocularity and sighting ocular dominance in humans is not 

clear. By utilizing the pRF modeling technique, I explored whether these phenomena are 

associated with amplitude or pRF size difference. Beyond the neuroscientific interest, the 

results of this study could be applicable in imaging studies of monocular disease and 

binocular impairment.  

 

2. To assess the hypothesis that abnormal visual cortex pRFs underlie high-order visual 

impairments using Posterior Cortical Atrophy (PCA) as a model 

Posterior cortical atrophy (PCA) is a rare neurodegenerative syndrome involving high-order 

visual cortices. This relatively confined atrophy (at least in the early stages) results in 

impaired visuospatial processes despite normal visual acuity (agnosias). 

Posterior cortical atrophy (PCA), a rare visual variant of Alzheimer’s disease, is 

characterized by progressively disrupted visual abilities despite patients having almost 20/20 

visual acuity. Common visual symptoms of PCA are simultanagnosia, in which scenes and 

objects are perceived in a fragmentary manner, and foveal crowding, in which nearby stimuli 

disrupt image recognition. These symptoms present a paradox, because while 

simultanagnosia appears to result from restricted spatial integration, foveal crowding suggests 

the opposite.  

Herein, I tried to explain PCA-associated deficits in high-order visuocognitive 

functions (ie, simultanagnosia and foveal crowding), through abnormal basic cortical 

characteristics (ie, pRF size). A better understanding of this mechanism is expected to lead to 

better treatment and rehabilitation. 
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3. To investigate how high-order visual impairment in PCA may result from altered 

inter-visual areas interactions. 

pRF size alterations were found mainly in the early visual cortex of PCA patients 

(second project), even though pathology and cortical atrophy mainly involves high-order 

areas. I therefore suggested that connection interference due to atrophy of high-order visual 

regions may explain these results. In the last project, I specifically applied 'bottom up' 

stimulus-based and 'top down' resting state-based connective fields models, to explain the 

complex visual processing problems in PCA, and potentially complex visual processing 

issues stemming from other high-order visual disorders. 
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2 Chapter 2 

How Ocular Dominance and Binocularity Are 

Reflected by the Population Receptive Field 
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3 Chapter 3 

Role of Population Receptive Field Size in Complex 

Visual Dysfunctions: A Posterior Cortical Atrophy 

Model 
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4 Chapter 4 

Convergence Along the Visual Hierarchy Is Altered 

in Posterior Cortical Atrophy 
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5. Chapter 5: Discussion and Conclusion 
 

During my PhD studies, I have tried to assess standing questions about the neural 

substrates of vision through both health and disease human models using population 

receptive field (pRF) and connective field (CF) algorithms.  

 

In the health branch of my research, I studied whether the effects of eye dominance 

and binocularity can be explained by differences in BOLD amplitude and pRF size. I found 

that eye dominance does not appear to predict either BOLD amplitude or pRF sizes95. 

Regarding binocularity, no differences were found in the pRF sizes in the monocular versus 

binocular condition, however, binocular amplitudes were increased by a factor of around 1.2 

compared to those in monocular visual conditions. Thus, I suggested that the intensity and 

not the spatial spread of the binocular response stands at the basis of the binocular summation 

phenomenon.  

I also evaluated feedforward and feedback connections within the visual cortex of 

normally sighted elderly subjects through assessing their CF during both stimulus and resting 

state conditions. I found that stimulus-based CFs appeared to converge from V1 to high order 

areas, with increasing spatial extents of convergence along the hierarchy. In contrast, resting 

state-based CFs appeared to diverge in the normally sighted cohort and the spatial extent of 

divergence remained constant along the hierarchy. From previous research, we know that 

bottom-up activity seems to dominate under stimulus conditions96-99. In contrast, presumably 

mediated by the lack of stimulation, top-down activity could be the main component of 

resting state brain activity100. Thus, I hypothesize that stimulus convergence and resting state 

divergence respectively reflect bottom-up and top-down processing. 

 

In the disease branch of my research, I studied the neuronal source of the visuospatial 

processing by assessing its impairment in posterior cortical atrophy (PCA) patients. 

Specifically, I tried to understand two visuospatial skills that are commonly impaired in the 

disease. The results indicated that the impaired ability to perceive several items 

simultaneously, referred to as simultanagnosia, could result from abnormally small peripheral 

pRFs, since less items fit in the pRF simultaneously. Additionally, foveal crowding, which 

has previously been suggested to result from pooling of targets and distractors within the 

same receptive field101, 102 seemed to be associated with enlarged foveal pRFs. Moreover, by 
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using the masked repetition priming task, I found visuospatial perception along the 

eccentricity axis to correlate with the altered pRF properties.  

Since the above described pRF alterations were most pronounced in early visual 

cortex, while atrophy and hypometabolism in PCA usually involve high-order visual 

regions103-110, I assumed that connection interference may explain my results and to that end I 

used CF modeling82, 85. Without stimulus (resting state condition) oversampling from the 

surface of extrastriate areas by V1 voxels was seen, suggesting that in the patients, larger 

parts of the extrastriate cortical surfaces send information to V1 voxels. This over-sampling 

of visual space can potentially explain foveal crowding. Under stimulus conditions, I reported 

a lack of increase in the convergence magnitude along the visual hierarchy and that the 

motion sensitive area, TO, may receive information from more spatially restricted areas. This 

under-sampling can potentially explain simultanagnosia.  
 

Integrating my findings in the PCA cohort studies suggests that high-order visuo-

cognitive functions may depend on abnormalities in basic cortical characteristics. I posit that 

this notion may fundamentally change approaches to rehabilitation in such conditions, 

emphasizing the potential of low-level visual interventions in treating simultanagnosia. 

 
 
5.1. Neural mechanisms in the normally sighted visual cortex 

 

PRF models provide a quantitative description of brain activity that is beyond 

assigning a functional label (e.g., color area, motion area, face area)111. These models can be 

used to understand a range of phenomena, even those that were already introduced to the 

scientific community many times in the past, but at this time from a new perspective.  

 

5.1.1. Binocularity  

 

The separate images seen by each eye are blended so that a single image is observed 

in binocular vision62. The blended image allows for stereopsis, a broader field of view and 

binocular summation, which is characterized by binocular reduced detection thresholds and 

improved visual acuity relative to monocular vision,66, 67, 112, 113. 

While binocular advantages in psychophysical experiments might simply stem from 

double detection chances as a consequence of visual inputs to both eyes (probability 
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summation)114, this phenomenon can only explain binocular contrast summation ratios up to 

1.25115-117. 

 Interestingly, Campbell and Green67 proposed a model of binocular combination that 

explained binocular summation ratios of √2 as the result of summing two independent noisy 

outputs (from each eye). If two independent measurements of a noisy image are made, the 

decrease in the standard error of their sum will be √2.67, 118  

Their model has been interpreted as a model of probability summation118, 119, since it 

can be used to explain binocular vision as two independent samples from a random process. 

However, Campbell and Green67 themselves denied this interpretation by specifying that their 

model “requires the actual physical summation of signals from the two eyes”.118 

Indeed, √2 summation ratios can be explained without multiple random sampling. 

Since the monocular channels contain uncorrelated noise, binocular noise (or standard 

deviation) will increase by √2. Further, the binocular signal (or mean) is double the 

monocular signal. Thus, the binocular signal will be 2/√2 = √2 times the monocular signal. 

This approach to explaining √2 binocular summation ratios is a neural interaction summation 

model.67, 118, 120  

Thus, binocular summation ratios, which vary from √2 to 2 depending on stimulus 

properties67, 112, 115, 116, 121, indicate that the behavioral binocular advantage is a consequence 

of neural interaction summation, which cannot be fully explained by the Campbell and 

Green67 model. More precisely, higher spatial frequencies and lower temporal frequencies 

appear to be associated with stronger binocular summation121. 

The seminal Hubel and Wiesel papers revealed that cat and primate neurons increased 

their response to binocular stimulation relative that to monocular stimulation13, 28, 122, 123. They 

implied that these binocular response increases suggest that binocular viewing of an object 

may lead to “an increased awareness of the object”122.  

In assessing the neural response, the binocular response should be twice the 

monocular response, if inputs are parallel and there is no neural interaction124. As such, 

neural summation ratios other than 2 indicate a neural interaction summation. 

Interestingly, Baker and Wade125 found that binocular 5 Hz steady state VEP (ssVEP) 

amplitudes were very similar to monocular amplitudes at contrasts of 4-64%. In a later study, 

Richard et al.126 reproduced these 5 Hz ssVEP findings at 6-96% stimulus contrasts.  

These results appear to be best explained by the two-stage binocular combination 

model126, which also explains psychophysical binocular combination results120, 126, 127. In this 

model, the first stage entails normalization through inter-ocular suppression and contrast gain 
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control, followed by summation. This is followed by a second stage of normalization. Both 

normalization stages are thought to involve divisive binocular suppression.120, 126, 127 

However, other VEP and ssVEP studies respectively suggest that binocular 

summation ratios range from 1.26-2.1128-130 and 1.21-2.2131, 132. Furthermore, the BOLD 

response summation ratio was found to be 1.55 at low contrast124, indicating that neural 

binocular summation may actually be part of the process.  

Within V1, visual information appears to flow from the (middle) input layer 4C to 

(upper) layers 2/3 to (deep) layers 5/6133-135. Primate neural recordings revealed binocular 

summation in the transient response (50-100 ms) for all layers. Sustained response (150-250 

ms) binocular summation appeared to be reduced in all layers, and any summation was only 

sustained in V1’s deep layer (see Fig. 5B at depth<-0.1 in Cox et al133).  

Thus, the discussed absence of binocular summation that is suggested by the two-

stage binocular combination model is neither supported by my results (binocular summation 

ratio of around 1.2) nor by the further literature. Still, the model’s early and late 

normalization stages could explain, respectively, why early VEP components suggest 

summation ratios <2 at 1.5-1.7 (N75 source: V1)136, and why later VEP components suggest 

even smaller summation ratios of 1.2-1.3 (P100; source: extrastriate cortex)136. Additionally, 

as we move along the visual hierarchy, binocular summation may be initially relatively 

robust and later inhibited.  

Winawer et al.137 suggest that in pRF modelling studies, the fMRI signal mainly 

originates from cortical upper layers (2/3). Thus, the amplitude-based binocular summation 

ratio of 1.2 I found likely reflects later visual processing stages.  

Beyond (BOLD) amplitude based binocular summation, the fMRI-based pRF 

modelling technique allowed me to assess a previously unstudied aspect of binocularity, 

namely whether and how binocular stimulation influenced the part of the visual field (pRF) 

that is represented by voxels34. Focusing on pRF size, smaller pRFs have previously been 

found to be associated with improved visual acuity36-40, which motivated me to study whether 

the binocular pRF size was smaller than its monocular counterpart. However, I found no 

differences in pRF size between binocular and monocular stimulation, leading me to the 

conclusion that the binocular summation phenomenon likely results from increased binocular 

response intensity, rather than pRF size changes. 

Beyond the implications of better understanding the source of binocular summation, 

the lack of pRF size differences I found suggests that any such differences between binocular 

and monocular vision found in asymmetric diseases, such as optic neuritis, would be a 
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reflection of the disease state. This will be further discussed in the future directions paragraph 

below.  

 

5.1.2. Ocular dominance  

 

Unlike hand dominance, eye dominance is known as a subtle phenomenon, and the 

favored eye is not part of many people’s awareness138. Several human studies revealed effects 

of sighting eye dominance on the size of the activated brain area139, VEP latency140 and 

amplitude141. However, other studies reported no dominance effects87, 142, 143. 

Furthermore, short periods of monocular deprivation were found to influence the 

contribution of the occluded eye to what is perceived binocularly144, 145 and sighting eye 

dominance was found to be biased by gaze direction138, 146, suggesting that ocular dominance 

is non-rigid in nature. This non-rigid nature may explain the high variability in the reported 

neural correlates of ocular dominance.  

In order to further deepen our understanding in this unsolved question, I tried to verify 

the possible functional superiority of the dominant eye via differences in its pRFs sizes 

(beyond assessing this through BOLD amplitude, as is often done). After all, smaller pRF 

sizes are associated with improved spatial resolution36-40, and if the dominant eye is superior, 

pRF sizes might be smaller than in the nondominant eye in order to allow for this improved 

resolution.  

In contrast to my tentative hypothesis, sighting eye dominance affected neither BOLD 

amplitude nor pRF size. Recently, Ip et al.147, 148 revealed an association of ocular dominance 

with the glutamate/GABA ratio (recorded during visual stimulation using MR 

Spectroscopy), whereas no association was found with BOLD signal changes. Since the 

glutamate/GABA ratio basically expresses the excitatory/inhibitory ratio, in future studies, it 

may be interesting to assess changes in pRF’s inhibitory surround size, using the Difference 

of Gaussian pRF model. 

    

As for the case of binocularity, the consistent lack of dominance effects on BOLD 

amplitude and pRF size suggest that any differences between affected and unaffected eyes in 

monocular diseases are due to disease and not a reflection of healthy neural processing. 
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5.1.3. Inter-area interactions within the visual cortex 
 

The visual neural system has classically been described as a bottom-up hierarchy for 

data-driven processing meaning that perception begins with the stimulus itself149, 150. 

Processing is carried out in one direction from the retina to the visual cortex, with each 

successive stage in the visual pathway carrying out more complex analysis of the input13, 28, 

149-153. In macaques, for example, monocular orientation and visual field location specific 

simple cells project to complex cells, which are binocular (but still more sensitive to one eye 

than the other) and specific to orientation but not location28. V1 neurons project to higher 

order areas, which process complex image characteristics, e.g., shapes and faces, and have 

decreased sensitivity to stimulus size and orientation151, 152. However, later psychophysical 

studies revealed that higher-level processing may precede lower-level processing, suggesting 

that the processing is not limited to the bottom-up direction149, 150. In Rapid Serial Visual 

Presentation studies, Kanwisher154 seminally described repetition blindness, in which 

participants appeared to be blind to word repetition. She suggested that the high-order 

associated type (e.g., apple, fish) was still recognized in the repetition, but that low-level 

visual processing tokens (e.g., red apple, big fish), such as spatial position, temporal 

occurrence, or size, did not reach awareness154. Moreover, Gestalt perception related studies 

revealed the importance of the global percept for local perception155, as reviewed by 150. This 

meant an information flow reversal with object, scene or letter representations preceding 

component representations150, 155-158 (for comprehensive reviews, see Hochstein and 

Ahissar149 and Gilbert and Li150).  

One approach to this information flow reversal is the reverse hierarchy theory for 

explicit perception. This theory suggests that fast implicit perception of the gist of the scene 

through spread attention is mediated by an initial fast bottom-up visual response. Details, 

such as spatial position do not initially reach awareness, since larger receptive fields in high 

visual areas do not represent them. Still, the scene’s general element categories reach 

awareness, enabling fast “pop out” search. In the reverse direction, top-down connections 

guide focused attention by serially requesting component and feature details from peripheral 

lower-order areas, slowly scanning for such details one at a time. This allows for explicit 

perception and slower serial search.149 

Another approach to flow reversal is one that puts more of an emphasis on higher-

level (outside the visual system) influences such as attention, expectation, perceptual task, 

working memory and motor commands on information processing in lower level visual areas. 
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Such feedback effects carry rich information and facilitate interpretation of the visual scene 

and our ability to segment the complex visual scene into its components.150 More precisely, 

feedback effects appear to apply learned ‘building blocks’ (object representations) to derive a 

preliminary scene segmentation. Then, feedforward stages refine this segmentation using 

image content.150, 159  

The dorsal and ventral streams carry feedforward connections to the parietal and 

temporal cortices. Each feedforward connection is known to be accompanied by a reciprocal 

feedback connection, which carries information about the behavioral context.150 Some of 

these contextual influences have been suggested to result from predictive coding, in which 

higher cortical areas make predictions about lower-level activity, and the error between 

prediction and stimulus-generated activity is calculated.150, 160, 161 

Generally, all the above mentioned approaches to flow reversal suggest vision 

proceeds in a coarse-to-fine order, with feedback connections providing a prediction of 

coarse picture structure (e.g., category, global percept) and requesting fine details from 

lower-order areas, which are then provided by feedforward connections.150 In addition, later 

fMRI, EEG, MEG and TMS studies appear to provide support for a role for feedback in 

coarse perception and for feedforward in providing the fine details or features159, 162-172. 

 

In my thesis’ third chapter, I used novel neuroimaging methods to tackle the concepts 

and roles of bottom-up and top-down processing from a different angle. I used both resting 

state- and stimulus-based CF modelling to assess whether V1 to extra-striate convergence or 

divergence occur. When a stimulus was used, convergence magnitude was positive, 

suggesting convergence from V1 to extra-striate areas. Without stimulus, median 

convergence magnitudes appeared to be negative, without any slope between areas, 

suggesting divergence from V1 to the different extra-striate areas. 

Since we know that feedforward connectivity dominates the neural visual stimulation 

response96-99, the found stimulus-based convergence probably reflects feedforward 

signaling82. In contrast, resting state brain activity appears to mainly reflect feedback 

connectivity100. Thus, V1 to extra-striate divergence, as we reported, may reflect feedback 

connectivity96, 173. 
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5.2. Receptive field modelling to understand visual system pathologies: 
PCA as a model  
 

As people drive in traffic, they presumably benefit from a remarkable ability to detect 

and localize small or large targets in their peripheral vision. Further, simultaneous perception 

of cars in the front, in the rearview mirror and in the side mirrors is essential to avoid 

accidents. This is why it is important to gain a full understanding of how the brain achieves 

complex visual abilities such as strong peripheral detection and simultaneous perception.  

Pooling/averaging (po/av) forms a mechanism that the healthy brain appears to 

employ to reduce peripheral positional uncertainty174, 175. This presumably enhances 

localization of, e.g., approaching cars in the periphery as well.  

However, the downside of po/av is that flanked distractor information will be 

assimilated with target stimulation if po/av occurs over an excessively large area102, 175-177. 

Crowding occurs as a consequence of this excessive feature integration and results in 

disrupted image recognition through interference of flankers102. 

Crowding effects have been shown in peripheral normal vision, e.g., among letters178-

182, among letter-like stimuli175 and other shapes177, 182-184. Given that crowding occurs among 

letters, crowding is implied in parallel letter processing and presumably as a consequence in 

reading185-187.   

One way to gain an expanded insight in the neural mechanisms underlying such 

complex visual abilities is by studying which changes underlie impairments of such skills in 

pathological conditions (lesion studies).  

Posterior cortical atrophy (PCA) is a relatively localized neuro-degenerative 

syndrome that affects visual abilities, while preserving other significant cognitive functions 

till later stages of the disease. Preservation of functions and awareness enables patients' 

cooperation. Thus, I was able to study underlying neural mechanisms of simultaneous 

perception and parallel letter processing through simultanagnosia and foveal crowding, which 

are often co-occurring symptoms of PCA70, 102, 104.   

My second project investigated the paradox that may be presented by these 

symptoms: while simultanagnosia appears to result from restricted spatial integration (smaller 

receptive fields), foveal crowding suggests the opposite (larger receptive fields).36, 102, 188 

To assess this paradox, I estimated pRF size in V1 and extrastriate visual regions. 

While changed pRF sizes were found in V1, hV4 and TO1,2 (motion sensitive areas), the 
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most prominent effects appeared to occur in V1, namely a larger foveal pRF size explaining 

foveal crowding, and a smaller peripheral pRF size accounting for simultanagnosia.189 

Basic cortical changes in pRF size had previously been suggested as neural correlates 

underlying basic visual functional disabilities88, but this project demonstrated their 

association with what are considered high level visual dysfunctions189. Furthermore, while 

pathology, atrophy and hypometabolism in PCA usually involves high-order visual regions, 

herein, I suggested functional involvement of V1 in the disease manifestations 103-110, 189. 

This finding highlighted the question whether foveal crowding and simultanagnosia 

should be categorized as higher level visual phenomena or be considered to be driven from 

low level features. Herein, I will propose that both low and high visual processing have a role 

in these pathologies as well as the complicated interactions along the visual hierarchy (which 

will be further discussed in the next paragraph).  

Regarding foveal crowding, low level features have been suggested previously in 

PCA: reverse polarity between a black target and white flankers was found to reduce foveal 

crowding relative to same polarity stimuli (target and flankers were both black)102, suggesting  

V1 involvement102, 190. 

A two-stage model of crowding has been proposed to encompass both simple feature 

detection (possibly in V1) and integration of features in higher order visual areas102, 186. Yong 

et al.102 found that the severity of foveal crowding was associated with atrophy in the right 

collateral sulcus, which, while not retinotopically mapped, appeared to possibly correspond 

to hV4, V3 or V3a. 

Regarding simultanagnosia, perceptual and attentional deficits have been proposed to 

potentially underlie simultanagnosia. Perceptually, Thomas et al.191 showed that a dorsal 

stream deficit in low-spatial frequency may underlie simultanagnosia.191 Regarding attention, 

a shrunk spatial attention window and reduced number of objects that can be attended in 

parallel have been suggested as possible problems that underlie simultanagnosia192, 193. 

Primativo et al.194 suggest that simultanagnosia in PCA is likely the complex result of 

both dorsal visual stream perceptual and right posterior temporal-occipital-parietal network 

attentional deficits. With respect to the attentional deficit, they more precisely suggest that 

the flexibility of focal attention is impaired, so that patients fail to adjust their attentional 

window to stimulus features194.  Such impaired focal attention flexibility could also explain 

foveal crowding, where the attention window would then be inappropriately wide, leading to 

larger foveal pRFs. 
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Thus, I suggested that the found V1 pRF size changes are attributable to combined 

high-order association cortex atrophy, impaired top-down attention influences and disruption 

of basic visual processing via altered feedback. 

In my third project, I continued this line of thought and used connective field 

modeling protocols to investigate how high-order visual impairment may result from altered 

inter-area interactions in the visual cortex195. To that end, I applied the CF to both resting 

state and visual stimuli based fMRIs, in order to be able to draw conclusions about both 

feedforward and feedback direction signaling in terms of convergent or divergent 

connectivity.  

In the resting state, I found that larger areas on the extrastriate cortical surfaces 

(especially V2d) send information to V1 voxels195. The resulting over-sampling of visual 

space could explain foveal crowding. It should be noted that there are two components to 

attention: orientation, i.e., aiming attention at a certain position, and focus, i.e., focusing 

attention over a certain attentional window. Interestingly, it was previously found that 

focusing attention reduced the negative effects of foveal crowding, while orienting attention 

did the same for peripheral crowding. Foveal crowding appeared to be uniquely sensitive to 

the spatial extent of processing. The fact that it was attention that caused this effect is in line 

with the suggested role for feedback connectivity.181 The described over-sampling suggests 

that, unlike focused attention, the V1 integration window over which crowding can occur 

becomes larger through atypically extensive feedback. This suggests that both low order (V1) 

and high order processes are involved in foveal crowding.  

During stimulation, I found that convergence magnitude in PCA did not become 

larger along the hierarchy195. Motion-sensitive area TO may receive information from a more 

spatially restricted area in V1, leading to under-sampling and potentially smaller receptive 

fields resulting in simultanagnosia. The possible involvement of TO suggests a role for high-

order visual processing, but the implied V1 to TO directionality suggests an important role 

for V1 as well.  

One of the benefits of pRF size increase with eccentricity in normal vision appears to 

emerge. Large peripheral pRFs integrate over visual space allowing for simultaneous 

perception. 

 

Thus, some of the mechanisms underlying common activities such as driving a car 

through traffic or reading the tiny letters in a newspaper appear to be indicated by the 

changes in basic cortical characteristics such as pRF and CF size. Through the disease model, 
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PCA, we were able to better understand the notion that smaller foveal pRFs allow for high 

spatial resolution and prevent crowding, while larger peripheral pRFs underlie simultaneous 

perception. Our CF size results indicate that the phenomenon of increasing pRF size with 

eccentricity may be mediated by well-balanced feedforward and feedback connectivity. 

 

 

5.3 Future directions 

 
 My work illustrates that with neurocomputational methods, specifically receptive 

field modelling techniques, we have excellent tools to understand not only basic visual 

problems, but also high-order and more complex visual dysfunctions. In the future, I think 

that the knowledge in this fascinating disease model (i.e. PCA), should be expanded by 

looking more thoroughly at the connections between high and low order areas.  

Similar investigation should be applied to other disease states that are demonstrating the same 

pathological manifestations (i.e. simultanagnosia and foveal crowding) in order to define 

patterns that are phenomena specific, rather than disease specific. And finally, I think that 

related methods should be used to explore other disease states that affect the neuro-visual 

system. 

While CFs between V1 and V2, V3, hV4, LO and TO were assessed, assessing CFs 

with higher order areas would have exacerbated the multiple comparisons problem. Still, 

understanding the roles of such areas in complex visual processing could prove essential. For 

instance, dysfunctions in the temporal-parietal-occipital network may cause impaired spatial 

attention control, which may in turn underlie simultanagnosia194, 196-198.  

In order to study whether my findings apply to foveal crowding and simultanagnosia 

in general, and are not disease specific, it is essential to study these complex visual 

phenomena in other etiologies, such as when they occur as a consequence of stroke199, 200.  

Additionally, foveal crowding has been observed in patients with strabismic 

amblyopia176, 201. In strabismic amblyopia, unilateral perceptual loss occurs in central vision, 

which includes, e.g., lost contrast sensitivity at high spatial frequencies87. The pRF was 

enlarged in the amblyopic eye87, and it would be extremely interesting to evaluate how 

changes in the CF in these patients are associated with amblyopic crowding.  

Other visual agnosias (beyond simultanagnosia) such as prosopagnosia (face 

recognition dysfunction) could benefit from similar modelling studies. Two important 
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approaches to explain face perception are the feedforward hierarchical local-to-global 

account98, 202-205, and a global-to-local account in which high-resolution local details are 

retrieved through reentrant connections to lower-order visual areas165. Extensive research 

suggests that top down influences play an important role in face processing, and that the 

global percept may precede local features165, 204-208. 

Witthoft et al.41 assessed pRF size in proposopagnosia, and revealed smaller pRF 

sizes in hV4, VO1, occipital face area and fusiform face area in patients. Such smaller pRF 

sizes may reflect reduced spatial integration, which in turn negatively affects holistic 

processing as a necessity for face recognition41. 

The CF modelling technique could be applied to stimulus and resting-state fMRI data 

to investigate (changes in) direction of convergence among, e.g., early visual cortex, occipital 

face area and fusiform face area, in both health and prosopagnosia that underlie these pRF 

changes. This approach could be used to evaluate the merit of the global-to-local and local-

to-global accounts to face processing. 

 

And finally, these modelling techniques could also be applied to different disease 

states. One disease state that deserves thorough study is optic neuritis, a visual manifestation 

of multiple sclerosis. It has -in fact- been studied thoroughly in our lab already, but not using 

the pRF and connective field modelling techniques. Our next aim is to use these techniques to 

highlight the cortical mechanisms that participate in the recovery process of this disease.  

Briefly, optic neuritis, characterized by demyelination of one of the optic nerves, most 

commonly presents as acute transient unilateral vision loss209-212. It is frequently associated 

with multiple sclerosis213-216. Since damaged myelin is the disease’s hallmark, visual pathways’ 

conduction velocities (visual evoked potentials; VEPs) are delayed209, 211. Psychophysically, 

dynamic visual functions, like motion perception, seem to be more affected209, 210.   

Remyelinating processes usually account for the recovered sight217, 218, but we have 

previously raised the possibility that a compensatory mechanism may be part of the recovery 

process, involving a cortical mechanism to synchronize signals in the visual cortex (VEP 

peaks) among the affected and fellow eye219. This seems to be accompanied by a functional 

advantage, shown through improved time-constrained depth perception, when the time gap 

between VEP peak latencies of the affected and fellow eye is smaller219. 

To better understand the cortical basis for the visual binocular adaptive plasticity, we 

intend to use population receptive field models to assess monocular and binocular pRF sizes 

and BOLD amplitudes in optic neuritis, similar to the analysis used in my first project. 
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Additionally, we will apply the connective field modelling technique to the same conditions as 

in the first project, using the same analysis approach as in the third project. Using both 

techniques, we hope to gain insight in the cortical binocular synchronization mechanisms that 

are part of the optic neuritis recovery process. 

  

5.4 Conclusions 
 

People without neurological disorders achieve very complicated skills like 

understanding written language, performing complex calculations and rationalizing 

situations. These skills are somehow served by sensory systems, memory systems and motor 

systems. Since the neural visual system is extremely well studied, it is a great model system 

to start achieving an understanding of complex human skills. 

PRF and CF models can be used to explain puzzling visuo-spatial neurological 

phenomena. Most notably, studying the divergence of the connective fields in stimulus-based 

and resting state fMRI provided insight in the feedforward and feedback processes involved. 

Through my studies in PCA patients, I was able to suggest a novel model of 

combined bottom-up and top-down connection interference due to atrophy of higher visual 

regions, resulting in a modulation of population receptive field properties in V1. Yet, these 

changes in basic cortical characteristics were clinically manifested as a grouping of impaired 

high-order visuo-cognitive functions.  

The results of my research may assist in tailoring new treatment and rehabilitation 

approaches for these patients. Such approaches will likely entail altering visual input and 

saliency. Furthermore, these methods can be used to look at other clinical neurological and 

ophthalmological states from a different viewpoint for a deeper and fuller understanding of 

the matter at hand.  
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 רחאלו (drifting bars) יתייאר יוריגב ופצ הניקת היאר ילעב תרוקיב יקדבנ הנומשו PCA ילוח השיש  :ישילש טקיורפ

 יתש ורבע תוקירסה ינותנ אבה בלשב .fMRI תקירס ךלהמב )resting-state( תומוצע םייניע םע החונמב והש ןכמ

 ןוויכב הינש הזילנאו ,הרטמ ירוזאכ רתוי םיהובג םירוזאו טלקה רוקמכ שמיש  vT הב הנושארה הזילנא ,CF תוזילנא

 הלדג עדימה תוסנכתה ילאוזיווה יוריגב הייפצה ךלהמב .עדימה תוסנכתה ןוויככ רדגוה תוזילנאה ןיב לדבהה .ךופהה
 אל וז המגמ .הז ןוויכב יתייארה עדימה תייצרגטניאב הילע לע עיבצמה רבד ,םיאירבה ברקב הייארה לולסמ ךרואל

 .)feedforward connectivity( םילועה םילולסמב עדימה דוביעב םייוניש םיפקשמ ולא םילדבה .םילוחה ברקב התפצנ

 אללו ,םיאירבב רשאמ םילוחב רתוי טעמ ,)עדימה רוזיב( ילילש היה תוסנכתהה ןוויכ ,ילאוזיו יוריג אלל ,החונמה יאנתב

 לש דחא קלחב ןווינ יכ םיקיסמ ונא .)connectivity) feedback םידרויה םילולסמב עדימה דוביעב םייוניש רמולכ עופיש

 תויצקארטניא .תובכרומ תוירוזא ןיב תויצקארטניא י"ע תשרה התואב םירחא םירוזא לע עיפשהל לולע היארה תכרעמ

  .םייתייאר-םייביטינגוק םייוקילל םורגל ךכמ האצותכו ,pRF -ה ינייפאמ לע עיפשהל תויושע ,הלא

 םייתייאר םידוקפת סיסבבש םינונגנמה תנבהב רוזעל םילוכי CF-הו pRF-ה לדוג ןוגכ םייחומ םייוניש יכ יתאצמ ,םוכיסל

  .ילוחבו תואירבב
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  ריצקת

 קלח הנושארל ףושחל ורשפא ,םייתייארה טלקה תודש יופימ רובע םימדקתמ םילדומב שומיש ךות ,fMRI תוקירס

 population receptive field -ה לדומ .הכ דע רבסה אצמנ אל םהל רשא ,םינוש הייאר ידוקפת סיסבש יבצעה ןונגנמהמ
(pRF) ה לדומ .)לסקוו( תילמינימ תיחומ חפנ תדיחי לכב גצוימה היארה הדשמ קלח לש םוקימו לדוג תא ךירעמ- 

connective field (CF) רחא יתייאר רוזאב לסקוו לכב דחא יתייאר רוזאמ קלח לש תוליעפה גוציי תא ךירעמ. 

Binocular summation, גוסמ תיבצע הרקבו feedback/feedforward ןכו ,אירבה חמה תא םינייפאמה Foveal 

crowding ו Simultanagnosia םינבומ אל ןיידע ןסיסבבש םייבצעה םינונגנמה ךא תוקתרמ תועפות ןניה ,הלוחה חומב 

 .תורחאו ולא תועפות סיסבש םינונגנמה תנבהל םרות םייבושיח םילדומב שומיש יכ םימיגדמ ונא הז טקיורפב .םאולמב
 

 םיבצמב יתוזח עדימ דוביעב תורושקה תולאש רותפל תנמ לע CF ו  pRF גוסמ םילדומב יתשמתשה הז טקיורפב

 binocular summation לע pRF-ה תדוטילפמאו לדוג תועפשה תא ןחב ןושארה טקיורפה .םייגולותפו םיילמרונ
 Foveal גוסמ תויגולותפב ,םינוש חמ ירוזאב pRF-ה לדוגב םייונישה תינבת תא ףשח ינשה טקיורפה .םיאירב םיקדבנב

crowding ו  ,Simultanagnosia ה לדוגב םייונישה תינבת תא ונראית ישילשה טקיורפב ףוסבלו-CF ןייפאל תנמ לע 

  .ולא תויגולותפב היארה ילולסמ ךרואל םינוש םירוזא לש טלקה תייצולוזרב םילדבהה תא

 יתש( םינוש םיאנת השולשב drifting bars)( יתייאר יוריגב ופצ הניקת הייאר ילעב םיקדבנ רשע השולש :ןושאר טקיורפ

 .fMRI תקירס ךלהמב )החוקפ הינש ןיעו הסוכמ תיטננימוד ןיע ,הסוכמ הינש ןיעו החוקפ תיטננימוד ןיע ,תוחוקפ םייניעה

 סחי .דרפנב ןיע לכמ לבקתהש םיכרעה עצוממו םייניעה יתשמ ולבקתה רשא תודידמה יכרע ןיב סחיה בשוח אבה בלשב

 לש  BSR-ה יכ אצמנ .pRF-ה תדוטילפמאו לדוג רובע בשוח אוהו binocular summation ratio (BSR)  :ארקנ הז

 וזמ הלודג תיניע-ודה היארה יאנת ךלהמב לנגיסה תדוטילפמא רמולכ ,דחאמ לודג םיאירב םיקדבנ ברקב הדוטילפמאה

 אלה ןיעהו תיטננימודה ןיעה ןיב pRF-ה תדוטילפמאו לדוגב םילדבה ואצמנ אל .תיניע דחה היארה יאנתב הלבקתהש

 תיניע-ודה היארה יאנת ךלהמב pRF-ה יכרע רמולכ ,דחאמ הנוש אצמנ אל pRF-ה יכרע לש BSR-ה ףסונב .תיטננימוד
 תקלד ןוגכ תוירלוקונומ תולחמב םייניעה ןיב pRF ה לדוגב םילדבה יכ חינהל ןתינ ,ןכל .תיניע-דחה לש ולאל םימוד

 .ןיקת יתייאר דוביעמ קלח אלו ,הלחמה לש רצות ווהי (optic neutitis) היארה בצעב הפירח

 (drifting bars) יתייאר יוריגב ופצ הניקת היאר םע ליג ימאות תרוקיב יקדבנ הנומשו PCA ילוח השימח :ינש טקיורפ
 הדש תסיפת תכרעה ךרוצל masked-repetition גוסמ priming תמישמ ורבע םיקדבנה ףסונב .fMRI תקירס ךלהמב

 האצמנ .pRF תזילנא ורבע תוקירסה ינותנ .)ףקיהל זכרמה ןיב רבחמה ריצה( תויסירטנסקאה ריצ ךרואל היארה

 ךרואל תוינייפוא אל pRF תוינבת ופצנ PCAה ילוח ברקב .תיתוגהנתהה המישמה תואצותו pRF-ה לדוג ןיב היצלרוק

 םא ,םג ךא vT-ב רקיעב התפצנ תוגירחה .foveaב לודגו הירפירפב ןטק םייביטפצר תודש לדוג םע ,תויסירטנסקאה ריצ

 לש ילמרונבא טנאידרג הפצנ תיתוגהנתהה המישמב .םילטאיירטס-הרטסקא/רתוי םיהובג םירוזאב ,התוחפ הדימב יכ

 םייוניש יכ תועיצמ ולא תואצות  .pRF-ה תואצות םע היצלרוקב אצמנ הז טנאידרג .הירפירפל foveaהמ עדימה דוביע

 :םייתייאר-םייביטינגוק םייוקיל ריבסהל םילוכי  )vT אמגודל( יתייארה לולסמה תליחתב רבכ םישחרתמה pRF-ה לדוגב

  -בו ,רתוי םילודג היארה הדש זכרמ תא םיגציימה םיביטפצרה תודשה foveal crowding -ה תעפותב
simultanagnosia תובקעב היפורטא ,תאז םע דחי .רתוי םינטק הירפירפה תא םיפממה םיבטפצרה תודשה PCA 

 ירוזאו  vT ןיב ןילמוגה יסחי דציכ הלאשה הררועתה ןכל ,םילטאיירטס-הרטסקא םירוזאב רקיעב העיגפ  םע תרשוקמ

 .אבה טקיורפל הליבוה וז הלאש .vTב םייביטפצרה תודשה לדוג יונישל םימרוג רתוי םיהובג היאר
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לש םתכרדהב התשענ וז הדובע  
רוח ןב רימת 'פורפו ןיול עטנ 'פורפ  
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