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GENERAL ABSTRACT
The aim of the thesis is to further explore and extend the population Receptive Field mapping method
in visual fMRI.

In the first study we investigated the neural basis of short-term plasticity, using ultra-high field MRI.
We use 7T BOLD to measure visual cortical responses to full-field white noise images varying in
Spatial frequency (SF). We assessed the effect of monocular deprivation on SF tuning in V1 using a
modified version population Receptive Field model. In the second study, we use a specially designed
equipment that allows stimulation of 60 degrees of visual field. We use pRF mapping to reveal brain
maps that cover regions responsible for processing far peripheral information and define their
function using a high-speed moving stimulus. In the third study, we investigated the structural
connections of previously described Area Prostriata and its connectivity with visual thalamus. We
report two different pathways within one white matter plexus responsible for carrying the information
from foveal and peripheral of the area. In the fourth study we investigated the plasticity of visual
cortex of a patient with microphthalmia and a lesion in the left geniculostriate pathway. PRF model
together with tractography allowed to explore the functional and structural reorganization of the brain.

0 General Introduction

0.1 From eye to brain

Vision is one of the five senses that allow humans to perceive the surrounding world, to distinguish
colors and shapes. It allows us to make decisions and judgements in everyday life, becoming the most
crucial mechanism to interact with the external world. The importance of vision was realized early
on in the history of mankind and this is reflected in a number of ancient scripts attempting to explain
and understand its structure and function.

In ancient Greece, there were two major groups with contrasting views on the function of the visual
system. The first group supported the “emission theory” which focused on the idea that a human eye
can emit rays which would intercept objects facilitating visual perception. This however would not
explain some of the perceptual properties of sight, such as poor night vision, which led investigators
to create an opposing philosophical movement advocating the “intro-mission” theory. Lead by
Aristotle, the group suggested that vision can be explained by an external stimulus propagating from
the visual object to the eye. There was not enough scientific evidence to support any of the theories,
however the first one pioneered in visual science and attracted Galen who in 2nd century created the
first model of the human eye in which he acknowledged the position and the importance of the lens
[1]. Due to his highly influential work, the theory of eye beams became a gold standard in terms of
understanding vision for many centuries. The postulate of “emission theory” remained valid until
1604 when Kepler proved that the human eye serves as a sensor for visual stimuli. Using optics he
followed the path of the light to the eye and endorsed the inversion of the image formed on the retina
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proving the invalidity of the beliefs of that time [2]. Although the brain as an organ was intensively
studied [3, 4], the location of visual stimulus processing remained unknown. After the proposal of
neuron doctrine [5], scientists started to divide the brain according to different senses such as touch,
movement and vision. Undoubtedly the phrenology theory presented by Gall had a huge impact on
understanding the brain specialization [6]. This led the German physiologist Hermann Munk in 1881
to study the visual system of dogs and monkeys and accurately conclude in his findings that the visual
center of the brain is located in the occipital lobe [7]. The remaining question was how the retinal
input is processed and formed in the visual cortex.

Initial understanding of this phenomenon came from studying lesions in the occipital cortex. In the
beginning of XX century soldiers with partial head wounds caused by war injuries were examined as
subjects [8]. The study showed a relationship between damaged parts of the visual cortex and the
location of the scotoma in the visual field and linked that to partial blindness [9-11]. Two major
findings emerged; firstly, each hemisphere processes information from the contralateral hemifield
and secondly that the central part of visual field is over-represented in the visual cortex, a
phenomenon defined later on as “cortical magnification” [12]). The topographic organization of the
brain has been subsequently studied by using evoked potentials with surface electrodes in visual
cortex of cats and other animals [13, 14]. Finally, a full representation of a retinal image projected
over the entire striate cortex was observed by studying the cortex of monkeys [15, 16], and evaluated
later by electrophysiological recordings in macaques [17, 18]. Unfolding the primary visual cortex
based on outlines in histological sections [19] , encouraged to establish a direct connection between
the retina and a corresponding place in the brain. Retinotopy (combination of Greek words “retina”
and “topos” – place), essentially defined that the adjacent point in the retina will be represented by
adjacent points in the cortex forming a map.
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Figure 0-1 Organization of visual field in the striate cortex

Left part of the figure shows a flattened representation of the visual cortex of a macaque
monkey and the right part presents the visual field. Figure underlines the link between the
visual field and a part of visual cortex responsible for processing it i.e. central visual field
of the retina is represented in the anterior part of the cortex, while the preference for
peripheral visual field moves anteriorly towards the Parieto-occipital sulcus. Adapted from
[17]

0.2 Retinotopy

Recording techniques used to study primates were not feasible for human studies due to the ethical
and moral considerations. Fortunately, advancements in Magnetic Resonance Imaging (MRI)
technology allowed to study non-invasively variations of the blood flow using fast MRI acquisition
protocols [20-22]. The first functional Magnetic Resonance Imaging (fMRI) experiment to look at
the visual cortex was performed in 1991 [23]. Activity observed in the occipital lobe inaugurated
studies of the organization of visual cortex and bridged the gap between perception and processing
of visual inputs in humans. In general agreement with the primate visual system [24], several visual
areas have been delineated in the human visual cortex using fMRI [25, 26]. Created maps gave
valuable insight in characterizing how eccentricity and polar angle maps are projected in the human
3

brain [27]. Methods used to parcellate the visual cortex led to a new field of study called retinotopic
mapping. During the retinotopy experiment participants were asked to lie in MR scanner and look at
the central fixation point while being exposed to a set of moving stimuli. Stimuli usually consisted of
flickering checkerboard patterns of expanding and contracting rings followed by rotating wedges
[28]. By analyzing the amplitude of responses at each timepoint it became possible to assign a
preferred stimulus (stimulated position on the screen) to each fragment of the brain. In short, if the
most central rings evoked the highest change in the BOLD (Blood-oxygen-level dependent) signal
among other annuli for a certain voxel, this voxel was labeled with the preference for central visual
field. More sophisticated approach assumes that as the expanding ring travels from the central fixation
to the periphery, activity in the posterior part of visual cortex will be delayed relative to the anterior
part [29]. Delay in activation could be directly related to retinal eccentricity. Same applies to the
travelling wedge stimulus for polar angle. Usually retinotopic maps are presented on the flattened
surface representing the border between white and grey matter [30, 31].

4

Figure 0-2 Retinotopic maps on flattened surface of the brain

Retinotopic maps projected on flattened surface of visual cortex. Both maps are colored
accordingly to their preference of visual field. A. Eccentricity mapping shows a gradient of
preference between the foveal and peripheral stimulation moving posteriorly from the
occipital pole B. Polar angle (phase) map discovers clear radial preference in the visual
cortex. Change of radial preference allows the delineation of visual areas [32], here
showed in black lines. Figure adapted from [33].

Retinotopy has been widely used in studying the organization of the visual cortex in pathological
states. Clinical studies mainly focus on ophthalmological disorders like glaucoma [34, 35], macular
degeneration [36, 37] and amblyopia [38, 39]. Moreover, several attempts have been made to study
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the plasticity and retinotopic reorganization of the visual cortex due to lesions or brain damage [40,
41]. An increased number of experiments led to the development of not only finer acquisition
techniques of MR images [42-44], but also new analysis methods.

0.3

Population Receptive field

Receptive field (RF) was firstly defined as a restricted region in the visual space, where presented
stimulus evoked action potential in the retinal ganglion cells [45]. In the own words of Hartline “A
given optic nerve fiber responds to light only if a particular region of the retina receives illumination.
This region is termed the receptive field of that fiber” (Heartline, 1940, p. 1). After an intensive and
very influential period of studying RFs in the visual cortex, a 2D circular center surround
representation was suggested [46-52]. Although the retinotopic mapping followed the concept of RF
and their organization in the visual cortex, a new approach of fMRI analysis using the modelling of
the responses of neural population of receptive fields emerged [53]. Due to the current spatial
limitation of fMRI, a single voxel contains information from around million neurons, however an
aggregate information can be extracted [54, 55]. Neighboring neurons are known to have similar
properties [56, 57], therefore an approach to estimate a common population RF was made.
Introducing a 2D Gaussian pRF model to the fMRI analysis enabled the refinement of the visual
BOLD signal prediction and estimation of RF size for each voxel. Binarized versions of conventional
retinotopic stimuli were multiplied by an artificial pRF that was projected on the visual space,
producing a feedback. A series of BOLD signal predictions were calculated by convolving the
produced response at each stimulus timepoint by hemodynamic response function (HRF) and varying
the gaussian model of the pRF in position and size. Lastly, the dictionary of predictions is fitted to
each voxel and based on the explained variance, the best prediction is chosen. In short, the model
parameters that served to create the predicted time course that best explains its BOLD signal are
assigned to each voxel.
6

Figure 0-3 Visualization of pRF analysis

Visual representation of using artificial RF projected on the visual space to estimate the BOLD
responses evoked by a moving stimulus. Replotted from [58]

The model of pRF have been widely used in fMRI to estimate visual properties of the human brain
[59-62]. There have been several attempts to use this approach to quantify how different cognitive
tasks and clinical cases influence the model estimates. It has been suggested that attention affects the
pRF centers as they shift towards the attended location [63], as well as the overall size of the pRF
increases [64, 65]. Mapping of pRF was also used to study the plasticity and the reorganization of the
visual cortex. In one of the reported studies a subject who has lost one eye in the childhood and had
critical injury of the second eye underwent retinotopic experiment. Revealed maps showed that the
pRF sizes decrease with eccentricity unlike the normal organization [66]. Usage of pRF model was
proven useful also for studying neurological disorders. Distorted visual maps have been reported in
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mild Alzheimer disease [67], and bigger sizes of pRF have been discovered in extra striate cortex
with the most prominent effect in MT for the autism disorder [68].

Presented studies prove that pRF mapping could be widely used to study variety of phenomena both
in healthy and pathological cases.

0.4 Research abstracts

0.4.1 Response to short-term deprivation of the human adult visual cortex measured with 7T BOLD

Sensory deprivation during the post-natal “critical period” leads to structural reorganization of the
developing visual cortex. Recent evidence indicates that in adulthood, the visual cortex retains some
flexibility and adapts to sensory deprivation. Here we show that short-term (2h) monocular
deprivation in adult humans boosts the BOLD response to the deprived eye, changing ocular
dominance of V1 vertices, consistent with homeostatic plasticity. The boost is strongest in V1, present
in V2, V3 &V4 but absent in V3a and hMT+. Assessment of spatial frequency tuning in V1 by a
population Receptive-Field technique shows that deprivation primarily boosts high spatial
frequencies, consistent with a primary involvement of the parvocellular pathway. Crucially, the V1
deprivation effect correlates across participants with the perceptual increase of the deprived eye
dominance assessed with binocular rivalry, suggesting a common origin. Our results demonstrate that
visual cortex, particularly the ventral pathway, retains a high potential for homeostatic plasticity in
the human adult.
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0.4.2 Area Prostriata in the Human Brain.

We investigated the functional role of human area prostriata using fMRI population receptive field
(pRF) mapping. We calculated pRF maps from BOLD responses of ten healthy volunteers to
retinotopic mapping stimuli extending over a wide field of view (~60°), using moderate speed (0.26
c/°, 38°/sec) and high speed (0.018 c/°, 571°/sec) drifting gratings. We show that like the marmoset
prostriata, its caudal border with V1 represents the far peripheral visual field with eccentricities
decreasing rostrally. Whereas the majority of visual areas show balanced responses to the two drift
speeds, prostriata shows a distinct preference for fast motion processing. Its functional properties
suggest that it may serve to alert the brain quickly to fast visual events, particularly in the peripheral
visual field.

0.4.3 Structural connections of human area prostriata with the visual thalamus

The human visual system is capable of processing visual information from far peripheral visual field
up to 120 degrees. Recent fMRI studies that use wide-field stimuli show a full and detailed retinotopic
maps that extend until the end of calcarine sulcus. Although all visual areas have their peripheral
parts, the one reported recently – Area Prostriata, shows a huge preference for wide-field stimulation.
Here we examine its anatomical connectivity with the lateral geniculate nucleus (LGN). We observe
a white matter connection between area prostriata and the LGN which comprises two subcomponents: a white matter bundle passing ventrally, taking a similar route to the optic radiations
and another bundle traversing dorsally through parts of Fronto-occipital fasciculus (FOF) and a set
of white matter association fibers.
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0.4.4 Bilateral Visual field maps in a patient with left eye microphthalmia and massive
congenital brain damage involving the left geniculostriate pathway: A Case study

Impairment of geniculostriate pathway results in scotomas in the corresponding part of the visual
field. Here we present a case of patient IB with left eye microphthalmia and with lesions of most of
her left geniculostriate pathway including LGN. Despite the severe lesions the patient has a very
narrow scotoma only on the periphery of the lower-right-hemifield (beyond 15° of eccentricity). With
Diffusion tractography we discover connections between superior colliculus and cortical structures
in the hemisphere affected by the lesion. However, we were not able to find white matter tracts
connecting optic chiasm and thalamus which suggests that the lesion side is receiving information
from the unaffected hemisphere. Population receptive field mapping of the patient’s visual field
reveals orderly retinotopic maps in the left and in right hemisphere despite the complete loss of one
LGN. Interestingly we revealed also retinotopic maps of ipsilateral visual field in the right
hemisphere, previously observed in other congenital hemianopia patients. Our results indicate an
astonishing case for flexibility of the developing retinotopic maps.

10

1 Response to short-term deprivation of the human adult
visual cortex measured with 7T BOLD1
1.1 Introduction
To interact efficiently with the world, our brain needs to fine-tune its structure and function, adapting
to a continuously changing external environment. This key property of the brain, called
neuroplasticity, is most pronounced early in life, within the so called critical period, when abnormal
experience can produce structural changes at the level of the primary sensory cortex [69-72]. During
development, occluding one eye for a few days induces a dramatic and permanent reorganization of
ocular dominance columns (the V1 territory representing each eye) in favor of the open eye [69-73],
while the deprived eye becomes functionally blind or very weak. These forms of structural plasticity
have been documented in animal models, including non-human primates [69, 73-75]. A
corresponding perceptual phenomenon known as amblyopia is observed in humans, and may result
from exposing infants to monocular deprivation during the critical period, e.g. due to cataracts [76,
77]. In infants, even a partial deprivation produced by optical defects like astigmatism and myopia
leads to a permanent acuity loss that cannot be compensated in adulthood, even after correction the
optical aberrations [78] through Adaptive Optics [79]. Hebbian plasticity, endorsed by Long-Term
synaptic Potentiation and Depression (LTP/LTD) of early stage of cortical processing, underlies these
changes in animal models and probably also in humans.
After the closure of the critical period, structural changes of V1 resulting from Hebbian plasticity are
not typically observed [80, 81]. However, there is evidence that Hebbian plasticity can be restored in

1

This chapter describes work presented in Binda, P & Kurzawski, J. W., Lunghi, C., Biagi, L., Tosetti, M., & Morrone,

M. C. (2018). Short-term plasticity of the human adult visual cortex measured with 7T BOLD. bioRxiv.
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adult animal models under special conditions, associated with manipulation of the excitability of the
visual cortex [82-84].

Besides Hebbian plasticity, other mechanisms can reshape primary visual cortex processing both
within and outside the critical period. At the cellular level, there is evidence for homeostatic plasticity,
which increases the gain of cortical responses following sensory deprivation; for example, after a
brief monocular deprivation, the response gain of the deprived eye increases [85]. This is interpreted
as an homeostatic response to preserve cortical excitability in spite of the synaptic depression
produced by Hebbian plasticity, suggesting a close link between these two types of plasticity [86-89].
In adult animal models and humans, there is clear evidence for both functional plasticity and for
stability of the early sensory cortex [62, 90, 91]. Functional changes have been observed with
perceptual learning [92-97], adaptation that, in some cases, may be very long-lasting, [98], and shortterm visual deprivation [99 , 100-107]. The effect of short-term deprivation in adults is paradoxical,
boosting the perception of the deprived stimulus – opposite to the long-term deprivation effects during
development. One of the first examples of short-term deprivation in adults is by Mon-Williams at al.
(1998), who found that thirty minutes of simulated myopia (optical blur achieved by wearing a +1D
lens) was followed by a transient improvement of visual acuity – opposite to the long-lasting acuity
deficit produced by early onset myopia [79]. Contrast attenuation for 4 hours leads to improved
contrast discrimination thresholds and enhanced BOLD response in V1/V2 [106]. A few hours
deprivation of one cardinal orientation leads to enhanced sensitivity to the deprived orientation [99]
– opposite to the reduced sensitivity to orientations deprived during development, e.g. due to
astigmatism. Similarly, two hours of monocular contrast deprivation is followed by a transient boost
of the deprived eye [100-105, 108] and an enlargement of the deprived-eye representation at the level
of V1 in non-human primates [109, 110] – opposite to the amblyopia induced by monocular
deprivation during the critical period. The mechanism supporting the perceptual boost of the deprived
information could be either a form of homeostatic plasticity (like that observed in animal models),
12

and/or a release of contrast adaptation for the deprived stimulus [111-115]. Irrespective of the
interpretation, the data clearly indicate that effects can be long-lasting or even permanent. For
example, in patients with keratoconus (adult-onset corneal dystrophia, often monocular), best
corrected visual acuity is worse than in emmetropic eyes, but it is better than predicted by the corneal
dystrophy [116, 117], demonstrating a permanent perceptual boost of the deprived information.
Moreover, in adult amblyopes [118], short-term monocular deprivation (of the amblyopic eye) may
lead to permanent partial recovery of acuity (of the amblyopic eye). This observation resonates with
the idea – introduced in the context of work at the cellular level – that homeostatic plasticity and
Hebbian plasticity may be fundamentally linked [86] and may open important new pathways for the
therapy of amblyopia and, in general, for the rehabilitation of early-onset brain dysfunctions [119].
This possibility highlights the importance of understanding the neural substrates of short-term
deprivation in adult humans. So far, monocular deprivation effects have been indirectly studied with
MR spectroscopy [showing a GABA concentration change in the occipital cortex, 108] and Visual
Evoked Potentials [showing a modulation of the early visual response components, 100]. Indirect
evidence also indicates that deprivation effects are not generalized but preferentially involve the
parvocellular pathway – given that effects are more prominent and longer-lasting for chromatic
equiluminant stimuli in humans [101], and strongest in macaques when deprivation mainly affects
the parvocellular activity [110]. Here we directly measure the changes in early visual cortical areas
using 7T fMRI in adult humans, before and after two hours of monocular deprivation. Assessing the
BOLD change and its selectivity to spatial frequency with a newly developed approach [conceptually
similar to the population Receptive Field method, 53], we demonstrate a change of ocular drive of
BOLD signals in primary visual cortex, selective for the higher spatial frequencies and strongest
along the ventral pathway, consistent with a stronger plasticity potential of the parvocellular pathway
in adulthood.
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1.2 Results

1.2.1 Monocular deprivation boosts V1 responses to the deprived eye and shifts BOLD ocular
dominance

To investigate the visual modulation of BOLD signal by short term deprivation, we performed ultrahigh field (UHF, 7T) fMRI during the presentation of high contrast dynamic visual stimuli, delivered
separately to the two eyes, before and after 2h of monocular contrast deprivation (see schematic
diagram in Fig. 1A).
The reliability and high signal-to-noise ratio of our system allow us to obtain significant activations
with only two blocks of stimulation (Fig. 1C shows the profile of V1 BOLD response), thereby
targeting the first 10 minutes after deprivation, when the perceptual effects are strongest [101, 102].
As shown in Fig. 1B, the stimulation was sufficient to reliably activate most early visual areas (dashed
lines outline ROIs limited by stimulus eccentricity, as detailed in the methods).
We measured the plasticity effect by comparing activity before/after deprivation in response to
stimulation in the two eyes with low- and high-spatial frequency bandpass stimuli that differentially
stimulate the magno- and parvocellular pathways (see Supplementary Fig.1 C-D for maps of
responses to stimuli in both eyes, before and after deprivation). Consistent with prior evidence
suggesting higher susceptibility to plasticity of the parvocellular pathway [100, 102, 108, 120], we
observe a strong effect of Monocular Deprivation on BOLD responses to stimuli of high spatial
frequency (peak 2.7 cycles per degree, high-frequency cut-off at half-height 7.5 cpd). Fig. 1D shows
that the V1 response to the high spatial frequency stimuli presented in the left and right eye is nearly
equal before deprivation (“PRE”). However, after deprivation (“POST”), the response in the two eye
changes in opposite directions, with a boost of the BOLD response (measured as GLM Beta values,
expressed in units of % signal change) of the deprived eye and a suppression of the non-deprived eye
(see also supplementary Fig. S1). This was formally tested with a two-way repeated measure
14

ANOVA, entered with the mean BOLD responses across all vertices in the left and right V1 region,
for the four conditions and each participant (Fig. 1D show averages of this values across participants).
The result reveals a significant interaction between the factors time (PRE, POST deprivation) and eye
(deprived, non-deprived; interaction term F(1,18) = 13.80703, p = 0.00158; the result survives a splithalf reliability test: see supplementary Fig. S2).
Figure 1-1 Monocular deprivation modulates 7T BOLD responses in early visual cortex

A: Schematic illustration of the methods. The icons show a band-pass noise stimulus shown
to either eye through the MR compatible goggles. Before and after the Pre- and Postdeprivation scans, outside the bore, we also measured binocular rivalry.
B: BOLD responses evoked by our band-pass noise stimulus with peak frequency 2.7 cycles
per degree (cpd), presented in the deprived eye PRE-deprivation, mapped on the flattened
cortical surface, cut at the calcarine sulcus. T-values are obtained by aligning GLM betas
for each subject and hemisphere to a left/right symmetric template hemisphere, excluding
vertices for which preferred eccentricity was not adequately estimated or smaller than 1 (the
same criterion used for al analyses), then evaluating the distribution of betas in each vertex
15

against 0 (one-sample t-test) and FDR correcting across the entire cortical surface. Black
dashed lines show the approximate average location of the regions of interest V1 through
MT, which were mapped on the individual subject spaces (see methods); white and blue
lines represent the outer limits of the representation of our screen space (24 x 32deg) and
the foveal representation (<= 1deg, where eccentricity could not be mapped accurately)
respectively.
C: BOLD modulation during the 3 TRs of stimulus presentation (from 0 to 9s) and the
following 4 blank TRs, for the 2.7 cpd noise stimuli delivered to the deprived eye before
deprivation. The y-axis show the median percent BOLD signal change in V1 vertices
relative to the signal at stimulus onset, averaged across subjects. Error bars give s.e. across
participants. Note the small between-subject variability of the response (given that the
response of each subject was computed for just two blocks of stimulation-blank).
D: Average BOLD response to the band-pass noise stimulus with peak frequency 2.7 cpd, in
each of the four conditions, computed by taking the median BOLD response across all V1
vertices then averaging these values across participants (after checking that distributions do
not deviate from normality, Jarque-Bera hypothesis test of composite normality, all p >
0.06). The top black star indicates the significance of the ANOVA interaction between
factors time (PRE, POST deprivation) and eye (deprived, non-deprived); the other stars
report the results of post-hoc t-tests: red and green stars give the significance of the
difference POST minus PRE, for the deprived and non-deprived eye respectively; bottom
black stars give the significance of the difference deprived minus non-deprived eye before
and after deprivation. * p<0.05; ** p < 0.01; *** p < 0.001; ns non-significant.
E: Histograms of Ocular Drive Index: the difference between the response (GLM beta) to
the deprived and non-deprived eye, computed for each vertex, separately before and after
deprivation. Yellow and black lines give the median of the distributions, which are nonnormal (logistic) due to excess kurtosis.
16

Fig. 1E confirms these findings with an analysis of the aggregate subject data, obtained by pooling
all V1 vertices across all subjects. For each vertex, we defined an index of Ocular Dominance
computed as the difference of BOLD response to the deprived and non-deprived eye. This index is
not to be confused with the anatomical arrangement of vertices with different eye preference that
define the ocular dominance columns [121, 122], that cannot be directly imaged with voxel size of
1.5mm. However, at this low resolution, each voxel is expected to average signals from a biased
sample of ocular dominance columns leading to an eye preference of that particular voxel (the Ocular
Dominance index in Fig. 1E).
Before deprivation, the Ocular Dominance index is symmetrically distributed around zero, indicating
a balanced representation of the two eyes before deprivation (yellow distribution in Fig.1E). After
deprivation (black distribution in Fig.1E), the Ocular Dominance distribution shifts to the right of 0,
indicating a preference for the deprived eye (non-parametric Wilcoxon sign-rank test comparing the
PRE and POST Ocular Dominance medians, z = 115.39, p < 0.001).
In principle, the boost of responses to the deprived eye seen in Fig. 1D could be produced by
enhancing the response of vertices that originally preferred the deprived eye (without shifting ocular
dominance) or by changing Ocular Dominance of vertices that originally preferred the non-deprived
eye, driving them to prefer the deprived eye. The shift of the Ocular Dominance histogram in Fig. 1E
is more compatible with the latter case, implying a recruitment of cortical resources for the
representation of the deprived eye. To investigate this further, we monitored the final POSTdeprivation Ocular Dominance of individual vertices that, PRE-deprivation, preferred the deprived
eye (yellow half distribution in Fig 2B). The majority of vertices continue to prefer the same eye
before and after deprivation. The median Ocular Dominance is significantly larger than 0 both PRE
and POST (Wilcoxon sign-rank test, z > 101.54, p < 0.0001 in both cases) and the correlation between
Ocular Dominance indices before and after deprivation is strong and positive (Pearson’s R(32236) =
0.22 [0.21-0.23], p < 0.0001). Note that a completely random reassignment of Ocular Dominance
after deprivation would have produced a histogram centered at 0 and no correlation between Ocular
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Dominance indices PRE- and POST deprivation. This is not consistent with the results of Fig. 2B,
which thereby provide evidence that our estimates of Ocular Dominance before and after deprivation
are congruent, even though they were collected in different fMRI sessions separated by 2h. In
addition, the distribution of Ocular Dominance after deprivation is well predicted by adding only a
small amount of noise to the original half distribution (Gaussian noise with 0.12 standard deviation,
black line), suggesting that these vertices were largely unaffected by monocular deprivation. This is
also supported by the repeated measure ANOVA of individual subject data (Fig. 2A), revealing a
strong main effect of eye (F(1,18) = 48.28901, p < 10-5): the response to the deprived eye is stronger
than the non-deprived eye, both before deprivation (due the selection, t(18) = -8.616, p < 10-5), and
after deprivation (t(18) = -4.281, p < 10-5), with no effect of time and no time × eye interaction (all
F(1,18) = 0.20429, p > 0.5).
A completely different pattern is observed for the vertices originally preferring the non-deprived
(yellow half-distribution in Fig. 2D). Here the distribution of Ocular Dominance clearly shifts after
deprivation; the median moves from significantly negative before deprivation (Wilcoxon sign-rank
test, z = -175.97, p < 0.0001) to significantly positive after deprivation (Wilcoxon sign-rank test,
z = 64.46, p < 0.0001), implying a shift of dominance in favor of the deprived eye. Again, this is not
consistent with a random reassignment of Ocular Dominance after deprivation, which predicts a
distribution centered at 0. Contrary to Fig. 2B, the POST- Ocular Dominance distribution cannot be
predicted by injecting Gaussian noise to the PRE- Ocular Dominance distribution (black line, 0.12
standard deviation like for Fig. 2B): for these vertices, there is a shift of Ocular Dominance with
short term monocular deprivation. This is confirmed with the repeated measure ANOVA (Fig. 2C),
where the time × eye interaction is significant (F(1,18) = 44.82812, p < 10-5), implying a different
modulation PRE and POST deprivation. In addition and crucially, POST-deprivation BOLD
responses to the deprived eye are significantly larger than POST-deprivation responses to the nondeprived eye (t(18) = -2.775 p = 0.012; whereas, by selection, the opposite is true before deprivation:
t(18) = 12.034, p < 10-5).
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Figure 1-2 Monocular deprivation shifts 7T BOLD Ocular Dominance in V1

A & C: Average BOLD responses with the same conventions as in Fig. 1D but analysing
data from two sub-regions of V1. A: only vertices that, before deprivation, respond
preferentially to the deprived eye. C: only vertices that, before deprivation, respond
preferentially to the non-deprived eye.
B & D: Histograms of Ocular Dominance Index (as for Fig. 1E), in the two sub-regions of
V1, computed before and after deprivation. The black curve simulates the result of adding
random noise to the distribution obtained before deprivation; only in B does this
approximate the distribution observed after deprivation.

In summary, Ocular Dominance before deprivation defines two similarly sized sub-regions of V1
vertices (44.58 ± 5.38% and 55.42 ± 5.38% of analyzed V1 vertices; 44.84 ± 5.12% and 55.16 ±
5.12% of all V1 vertices) with radically different behaviors that are not consistent with an artifact
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induced by vertex selection. The sub-region that originally represents the deprived eye does not
change with deprivation; the sub-region that originally represents the non-deprived eye is rearranged
with deprivation, as a large portion of vertices turn to prefer the deprived eye.
If plasticity were not eye-specific and/or we failed to match our V1 vertices before/after deprivation,
we would expect that splitting the distribution of V1 ocular dominance generates opposite effects in
the two subpopulations: vertices preferring the deprived eye before deprivation should swap to prefer
the other eye, mirroring the effect seen in the vertices preferring non-deprived eye. This is not seen,
implying that we did successfully match vertices across the 2h of deprivation and that the selective
Ocular Dominance shift, observed for about half of our vertices, is not an artifact.
We also measured the perceptual effects of short-term monocular deprivation affects using Binocular
Rivalry, just before the PRE- and POST-deprivation fMRI sessions. In line with previous studies
[100, 102, 103, 108, 120], short-term monocular contrast deprivation induced a 30% increase of phase
duration for the deprived eye (POST to PRE-deprivation ratio: 1.31 ± 0.30) and a 15% decrease of
phase duration for the non-deprived eye (ratio: 0.86 ± 0.30), producing a significant time × eye
interaction (Fig. 3A, repeated measure ANOVA on the mean phase durations for each participant,
interaction: F(1,18) = 23.56957, p = 0.00013). This effect size is similar to that measured in recent
experiments using the same paradigm, but letting subjects continue normal activity during the 2h of
monocular deprivation [102, 108, 120]. This indicates that the prolonged high contrast stimulation
delivered for retinotopic mapping to the non-deprived eye during the first ~30 minutes of deprivation
did not modulate the deprivation effects.
We defined a psychophysical index of the deprivation effect (DIpsycho) by using Eq. 6 in methods
section, where the POST to PRE-deprivation ratio of phase durations for the deprived eye, is divided
by the same ratio for the non-deprived eye. Values larger than 1 imply a relative increase of the
deprived eye phase duration, i.e. the expected effect; a value less than 1 indicates the opposite effect
and a value of 1 indicates no change of mean phase duration across eyes. All but two subjects have
values larger than 1, indicating a strong effect of deprivation. However, the scatter is large with values
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ranging from 0.7 to 3, suggesting that susceptibility to visual plasticity varies largely in our pool of
participants. Capitalizing on this variability, we tested whether the size of the psychophysical effect
correlates with the BOLD effect across participants. Using the same Eq. 6 to compute the deprivation
effect on BOLD responses (DIBOLD), we observed a strong correlation between the effect of
monocular deprivation on psychophysics and BOLD (shown in Fig. 3B). Subjects who showed a
strong deprivation effect at psychophysics (DIpsycho > 2) also showed a strong deprivation effect in
BOLD responses (DIBOLD = 1.85 ± 0.42). Given that the psychophysics was measured only for central
vision and at 2 cpd stationary grating, whereas BOLD responses were pooled across a large portion
on V1 and were elicited using broadband dynamic stimuli, the correlation suggests that the
psychophysical effect may be used as a reliable proxy of a general change of cortical excitability,
which can be measured by fMRI.
Figure 1-3 Deprivation effects on BOLD and on psychophysics are correlated

A: Effect of deprivation on Binocular Rivalry dynamics. Average phase duration for the
deprived and non-deprived eye, before and after deprivation, same conventions as in
Fig.1D. Mean phase duration distributions do not deviate from normality (Jarque-Bera
hypothesis test of composite normality, all p > 0.171)
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B: Correlation between the deprivation index (the POST to PRE- ratio for the deprived eye
divided by the same ratio for the non-deprived eye, Eq. 6 in Methods) computed for the
binocular rivalry mean phase duration and for the BOLD response to our band-pass noise
stimulus with peak frequency 2.7 cpd. Text insets show the Pearson’s correlation coefficient
and associated p-value.

1.2.2 Monocular deprivation shifts BOLD Spatial Frequency Tuning for the deprived eye

The BOLD measure we use here gives us the chance to measure the effect of Monocular Deprivation
across spatial frequencies and as function of eccentricity. We used 5 band-pass noise (1.25 octaves
half-width at half maximum) stimuli with peak spatial frequency selected to have a complete coverage
of spatial frequencies from 0.03 to 12.5 cpd (see Supplementary Fig. S3). In contrast with the strong
and reliable plasticity of responses to the high spatial frequency stimulus (peaking at 2.7 cpd, Figs.
1-3), we find that the plasticity effect is absent at low spatial frequencies (interaction index for the
highest spatial frequency stimulus: 0.70±0.19; for the lowest spatial frequency stimulus: 0.16±0.15;
paired t-test t(18) = -3.441, p = 0.003).
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Figure 1-4 Deprivation affects spatial frequency selectivity in V1

V1 BOLD responses to all five of our band-pass noise stimuli (with peaks at 0.1, 0.2, 0.4,
1.1 and 2.7 cpd, see spectra in supplementary Fig. S3); A: response to stimuli in either eye,
before deprivation; B: response to stimuli in either eye, after deprivation. Responses are
computed as medians across all V1 vertices (like in Fig. 1D), averaged across subjects
(error bars report s.e.m.). Continuous lines show the response of the best-fit population
Spatial Frequency tuning (with the one parameter, the high spatial frequency cut-off,
indicated in the legend), estimated by applying to the average V1 BOLD response the same
model used to predict individual vertex responses (fitting procedure illustrated in
supplementary Fig. S3).

Thus, monocular deprivation produces a change of the spatial frequency selectivity of the V1 BOLD
response. Before deprivation, the BOLD response shows a broad band-pass selectivity for our stimuli,
with a preference for the stimulus peaking at intermediate spatial frequencies, between 0.4 and 1.1
cpd, and a slight attenuation at higher spatial frequencies, similar for the two eyes (Fig. 4A). After
deprivation (Fig. 4B), the non-deprived eye shows similar selectivity and an overall decrease of
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responses. For the deprived eye, the shape of the curve changes: from band-pass to high-pass,
implying that the enhancement affects primarily the higher spatial frequencies.
To model this effect, we assume that each vertex on the cortical surface subtends a multitude of
neuronal channels, each with narrow tuning for spatial frequency and collectively spanning a large
range of spatial frequencies – an approach conceptually similar to the population Receptive Field
model for retinotopic mapping [53]. Independently of the exact bandwidth and peak preference of the
neuronal population contributing to the final BOLD selectivity, we find that the shape of all these
curves is captured with a simple one-parameter model: what we term the population tuning for Spatial
Frequency. This is given by a Difference-of-Gaussians (DoG) function with one free parameter, the
spatial constant (while the excitation/inhibition spatial constant ratio is fixed; see eq. 4 in the Methods
and curves in Supplementary Fig. S4). The free parameter sets the high spatial frequency cut-off at
half-height of the filter. The continuous lines in Fig. 4 show how the model fits the grand-average of
V1 responses, with best fit cut-off around 5 cpd similar for all conditions except for the POSTdeprivation deprived eye, where the cut-off is 6.2 cpd (single vertex examples are given in
supplementary Fig. S4C-I). The DoG equation has been successfully used in previous studies to
model CSF and neural responses at variable stimulus parameters e.g. illumination levels [123, 124],
validating this equation for modeling the overall selectivity of large neuronal ensembles.
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Figure 1-5 population Spatial Frequency Tuning in V1

A: Maps of pRF eccentricity and best fit spatial frequency cut off (for the deprived eye
before deprivation) after aligning the parameter estimates for all hemispheres to a common
template and averaging them across subjects and hemispheres, after excluding vertices for
which the average preferred eccentricity was not adequately estimated or smaller than 1
(the same exclusion criteria used for analyses).
B: Predicted and observed BOLD activity in one example vertex, elicited in response to our
bandpass noise stimuli in the deprived eye PRE (pink) and POST deprivation (red), with
best fit spatial frequency cut off (reported in the legend).
C-D: Best fit spatial frequency cut-off, averaged in sub-regions of V1 defined by pRF
eccentricity bands, and estimated separately for the two eyes and PRE/POST deprivation.
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Using this model to analyze single vertex responses, we evaluated the best-fit spatial frequency cutoff of the neural population contributing to the vertex BOLD response (see details in the methods and
Supplementary Fig. S4A-C; briefly, we used the DoG model to predict the response elicited by our
five band-pass noise stimuli in populations with different spatial frequency selectivity, i.e. filters with
different cut-off; we then found the cut-off value that maximizes the correlation between the predicted
responses and the observed BOLD responses). We used this procedure to fit BOLD responses in each
of our four conditions, estimating spatial frequency selectivity in individual vertices in each
condition: separately for the two eyes, PRE/POST deprivation. Before deprivation, the spatial
frequency cut-off decays with eccentricity as expected. Fig 5A maps both eccentricity (pRF
eccentricity estimates from a separate retinotopic mapping scan) and spatial frequency cut-off values,
obtained by fitting responses to the deprived eye, before deprivation (averaged across hemispheres
and subjects). The cut-off is around 16 in the para-fovea (eccentricity around 1.5 deg) and down to 4
in the periphery (eccentricity around 8 deg). This relationship between eccentricity and spatial
frequency preference is consistent with previous fMRI results [125, 126] and with psychophysics
[127]. The model captures well the selectivity of an example V1 vertex (Fig. 5B, goodness of fit
better than 0.9), sampled from the mid-periphery (3.4 deg) for the deprived eye, both before and after
deprivation. The spatial frequency cut-off after deprivation shifts to higher values, increasing (in this
example) by about a factor of three. Fig. 5C-D shows that this behavior is systematically observed
across V1 vertices, but only for the deprived eye. Here the average cut-off is plotted as function of
eccentricity, and the roll-off is consistent with the map in Fig. 5A. For the non-deprived eye, there is
no effect of deprivation on spatial frequency selectivity (Fig. 5C). In contrast, for the deprived eye
(Fig. 5D), there is a shift towards preferring higher spatial frequencies, at all eccentricities, which is
captured by an increased value of the cut-off frequency parameter leading to an increased acuity of
the BOLD response to the deprived eye.
Note that the change of spatial frequency selectivity for the deprived eye is most evident at
eccentricities of 4 deg and higher (see Fig. 5D), where vertices have peak sensitivity at mid-to-low
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spatial frequencies before deprivation. In the fovea, where many vertices already prefer the highest
spatial frequency stimulus before deprivation, our fitting procedure is likely to underestimate the
change of spatial frequency selectivity. Importantly, the spatial frequency selectivity for the nondeprived eye is unchanged at all eccentricities, corroborating the eye and stimulus specificity of the
short-term monocular deprivation effect. These findings are consistent with maps in Supplementary
Fig. 1C-D showing that deprivation effects are largely homogenous across all V1 eccentricities, with
no obvious clustering of effects in the fovea or in the periphery.
Figure 1-6 Deprivation effects on the dep eye pSF Tuning and binocular rivalry phase duration are correlated.

A: Effect of deprivation on spatial frequency cut off values. Average cut-off across all V1
vertices (pooled across eccentricities) for the deprived and non-deprived eye, before and
after deprivation, same conventions as in Fig. 1D. Distributions of the log-values do not
deviate from normality (Jarque-Bera hypothesis test of composite normality, all p > 0.285).

To test the significance of these effects, we pooled the best fit cut-off values from all selected V1
vertices across eccentricities and averaged them across participants (Fig. 6A). The repeated measure
27

ANOVA (performed on the log-transformed values, which are distributed normally as assessed by
the Jarque-Bera test) shows no significant time × eye interaction (F(1,18) = 3.67607, p = 0.07121)
and non-significant main effect of time (F(1,18) = 2.62546,, p = 0.12255) but a significant main effect
of eye (F(1,18) = 13.58079, p = 0.00169). This is clarified by post-hoc t-tests revealing that the
increase of spatial frequency cut-off for the deprived eye is significant (t(18) = -2.263, p = 0.036)
whereas there is no significant change for the non-deprived eye (t(18) = 0.440, p = 0.665). Given that
the time × eye interaction in the full V1 region is not significant, and to minimize noise contamination,
we evaluated the effect of deprivation on spatial frequency cut-off at the individual level by a
“Deprived Eye Change (DepCcutoff)” index (Eq.7 in the methods), i.e. taking the POST vs. PREdeprivation ratio of the spatial frequency cut-off for the deprived eye alone. As this ratio varies widely
across participants, over more than 3 octaves, we asked whether this variability correlates with our
psychophysical probe of plasticity: binocular rivalry. We used the same Eq. 7 to index the
psychophysical change of the deprived eye (DepCpsycho), the POST to PRE- ratio of mean phase
duration for the deprived eye, and found a strong positive correlation (Fig. 6B). POST-deprivation,
the deprived eye shows an increase of mean phase duration (in binocular rivalry) and an increase of
the spatial frequency cut-off (best fit of the BOLD responses): participants showing a stronger
increase of phase duration, also showed a larger shift of selectivity towards higher spatial frequency.
The correlation is consistent with the result of Fig. 3 showing that the enhancement of BOLD
responses is correlated with the change of binocular rivalry and selective for the highest spatial
frequency stimulus.

1.2.3 Monocular deprivation affects BOLD responses in the ventral stream areas beyond V1

We measured the effect over the main extra-striate visual cortical areas. The selective boost of the
deprived eye response to the high spatial frequency is as strong in V2 as in V1 (Fig. S1 and Fig. 7E).
The boost is present also in V3 and V4. In V4 the boost appears to be present also for lower spatial
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frequencies, but again only for the deprived eye (Fig. 7A-B), possibly reflecting the larger spatial
frequency bandwidth of V4 neurons compared to V1.
Figure 1-7 Deprivation effects are stronger in ventral than in dorsal stream areas.

Panels A-B show V4 responses across spatial frequency stimuli presented to each eye
(colored lines) before (A) and after deprivation; panels C-D show V3a responses and panels
E-F show hMT+ responses. Each data point is computed by taking the median BOLD
response across vertices in the region of interest for each stimulus and subject, then
averaging across subjects (errorbar report s.e.m.).
Panel G summarizes the effect of deprivation measured for the highest spatial frequency
stimulus in the V1, V2, V3/VP, V4, V3a and hMT+ region of interest, computing the
interaction term (POST-PRE difference of BOLD response for the deprived eye, minus the
same value for the non-deprived eye) for individual participants and the 2.7 cpd stimulus.
29

Values around 0 indicate no effect of deprivation and values larger than 0 indicate a boost
of the deprived eye after deprivation. One-sample t-tests comparing this value against 0 give
a p-value equivalent to that associated with the interaction term of the ANOVA (Fig. 1D);
the significance of the resulting t-value is given by the stars plotted below each errorbar.
Stars plotted above the lines show the results of paired t-tests comparing interaction terms
in V4 and V3a/hMT+. *** = p<0.001; ** = p<0.01; * = p<0.05; ns = p>=0.05. Green and
Blue highlight the assignment of the higher tier areas to the ventral and dorsal stream
respectively.

The results are very different for dorsal area V3a (Fig. 7C-D) and hMT+ (Fig. 7E-F), which do not
show any significant change of responses in either eye at high spatial frequencies. Although the
preferred response moves to lower spatial frequencies, consistent with a stronger input of the
magnocellular pathway to the dorsal visual stream [126, 128], the response to the highest spatial
frequency stimulus is still strong and reliable in both V3a and hMT+. Note that the reliable BOLD
estimates of Fig. 7 are computed after pooling vertices within the ROI and then averaging across
subjects. However, the response of hMT+ evaluated at the individual vertex do not show significant
activation (Fig. 1B), probably reflecting more variable organization of activity within this ROI across
subjects [129].

Fig. 7G quantifies the effect of short-term monocular deprivation (using the ANOVA time x eye
interaction term, which measures the eye-selective modulation of BOLD response after deprivation
for the highest spatial frequency) across the main visual areas. The plasticity effect is strongest in V1,
V2 and V3; it is still strong and significant in ventral area V4 (t(18) = 2.41 p = 0.0270), but it is absent
in V3a and hMT+, where the time x eye interaction is not significantly different from 0 (t(18) = 0.52
p = 0.6115 and t(18) = -0.19 p = 0.8513 respectively). The plasticity effect in ventral area V4 is
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significantly stronger than in dorsal areas V3a and hMT+ (t(18) = 2.39, p = 0.0278 and t(18) = 2.36,
p = 0.0299 for V4-V3a and V4-hMT+ respectively).
This result suggests a preferential involvement of the parvocellular vs. magnocellular pathway,
leading to the differential plasticity effect in extra-striate visual areas of the ventral and dorsal
pathway. Interestingly, the plasticity effect is robust in areas where the majority of cells are binocular
(like V3 and V4), indicating that the effect does not require segregated representations of the two
eyes (e.g. ocular dominance columns).

1.3 Discussion
We demonstrate that two hours of abnormal visual experience has a profound impact on the neural
sensitivity and selectivity of V1. BOLD activity across the V1 cortical region paradoxically increases
for the eye that was deprived of contrast vision, and decreases for the eye exposed to normal visual
experience.

The enhanced response to the deprived eye fits well with the concept of homeostatic plasticity, first
observed in rodent visual cortex, both juvenile and adult [85, 88, 89], which is the tendency of neural
circuits to keep the average firing rates constant in spite of anomalous stimulation [86, 87] [88, 89].
More recently, similar observations have been made in the adult macaque V1 after two hours of
monocular deprivation during anesthesia [109, 110]. The post-deprivation gain boost observed in the
monkey is consistent with our observations of an increased BOLD response to the deprived eye. We
also observe an antagonistic suppression of the non-deprived eye BOLD response; together, the two
effects lead to a shift of ocular preference of individual vertices in favor of the deprived eye. However,
this effect is only observed in those V1 vertices that responded preferentially to the non-deprived eye
before deprivation. No change of ocular preference is seen in vertices that already prefer the deprived
eye before deprivation, which maintain their eye-preference after deprivation. This pattern of results
cannot be explained by an overall gain increase; rather, it is consistent with the idea that the
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representation of the deprived eye recruits cortical resources (which may or may not correspond to
cortical territory), normally dedicated to the other eye.

A similar antagonist effect on the two eyes (boosting the deprived eye and suppressing the nondeprived eye) was also observed in the VEP responses after short-term monocular deprivation [100],
and could be implemented through a modulation of the excitatory/inhibitory circuitry. Regulation of
the excitation/inhibition balance through GABAergic signaling is considered to be a key factor for
cortical plasticity, including homeostatic plasticity [86]. Interestingly, the involvement of
GABAergic signaling in the effect of short-term monocular deprivation is directly supported by MR
Spectroscopy data in adult humans, showing that resting GABA in a large region of the occipital
cortex is specifically reduced after short-term monocular deprivation [108].

The functional relevance of the BOLD changes we observe is demonstrated by their correlation with
our behavioral assay of plasticity, obtained through binocular rivalry. This correlates both with the
BOLD ocular dominance change (relative boost/suppression of the deprived/non-deprived eye), and
with the BOLD acuity change for the deprived eye (change of spatial frequency tuning, assessed with
our pRF-like modeling approach). The correlation holds despite binocular rivalry being restricted to
foveal vision, whereas the assessment of BOLD plasticity is pooled across V1 (including the midperiphery). This implies that the change of binocular rivalry dynamics is a proxy for the more general
plasticity effects that involves the whole primary visual cortex. This finding has long reaching
implications, as it could validate the use of binocular rivalry as a biomarker of adult cortical plasticity,
based on the neural mechanisms revealed by the present 7T fMRI results. Interestingly, the binocular
rivalry phenomenon originates in the primary visual cortex – probably at the earliest stages – and is
an expression of the dynamics of excitatory transmission and inhibitory feedback [130]; as such it is
a measure that could reflect the overall excitation-inhibition ratio [131], and its modulation in
plasticity [86, 108].
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Our data support the notion that V1 circuitry may be optimized by perceptual experience [94]. They
are also consistent with a large perceptual learning literature suggesting that associative cortical areas
retain a high degree of flexibility [92, 97, 132-138]. Although the monocular deprivations effects
observed here are more robust in V1, they are reliable in V2 and V3 as well. However, a clear
difference emerges between extra-striate visual areas in the ventral and dorsal stream. While ventral
area V4 shows a strong deprivation effect, area V3a, located at a similar tier in the dorsal stream,
shows no BOLD change after short-term monocular deprivation. V4 is a primary target of the
parvocellular system, which is best stimulated by our highest spatial frequency stimulus; V3a and
hMT+ are preferential targets of the magnocellular system, which respond more strongly to our lower
spatial frequency stimuli (see Fig. 7). The different plasticity response of the ventral and dorsal
stream, together with the selectivity for the high spatial frequencies of the V1 plasticity, suggests that
the parvocellular pathway is most strongly affected by short-term plasticity. This is consistent with
the finding in non-human primates that deprivation of the stimuli that optimally drive the
parvocellular system is sufficient to produce a reliable plasticity effect [110]. It is also consistent with
the finding that the effect of short-term monocular deprivation is strongest and more long-lasting for
chromatic equiluminant stimuli [101] .

Other evidence shows that short-term deprivation may affect other properties of vision. In particular,
selective deprivation of orientation [99] or spatial frequency [104] or color [139] or even simply phase
scrambling of the image in one eye [140] may lead to a boost of the deprived signal. These effects
have been interpreted as a form of release of inhibition from the adapted signal [99] – a concept that
is not distant from homeostatic plasticity, where the network aims to keep overall activity constant.
The conceptual border between adaptation and plasticity is fuzzy, given that some mechanisms are
shared and both effects have the same outcomes. Be it adaptation or plasticity, the monocular
deprivation mechanisms are probably cortical and affect mainly the deprived eye. There is evidence
that the boost of the deprived eye is also observed when the two eyes receive equally strong
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stimulation, but perception of one eye stimulus is suppressed experimentally [by the continuous flash
suppression technique 141]; this result dismisses the retinal or thalamic contribution to the
deprivation effect. Only in rare occasions does adaptation induce effects that last over days [98], yet
our recent work shows that deprivation effects of short-term monocular deprivation is retained across
6h sleep [142], consistent with plasticity reinforcement during sleep [143, 144]. Most importantly, in
adult amblyopic patients, short-term monocular deprivation is able to induce improvement of visual
acuity and stereovision [118] for up to one year. All this evidence supports the concept that
homeostatic plasticity in the human adult cortex may be linked with or may promote more stable
forms of Hebbian-like plasticity. This may endorse stable changes even in the adult brain, well after
the closure of the critical period. Functional changes in associative cortex in adults have been
demonstrated by short-term paired TMS studies [145]. Interestingly, the decay of this functional
connectivity change has a similar time-course as the monocular deprivation effect, about one hour.
Also, Hebbian changes at the single cell level can be observed in V1 of adult anaesthetized cat,
following activity pairing over a similar time-scale (from minutes to a few hours) [83]. All these
results demonstrate that V1 retains potential for Hebbian plasticity outside the critical period –
although it may need particular conditions to exploit such potential.

Understanding homeostatic plasticity and its relation to Hebbian plasticity may be fundamental to
open the way to new approaches to treat brain dysfunction. Particularly important is ocular dominance
plasticity in amblyopia [146], a cortical deficit still without cure in adults, although recent
advancements in training procedures are opening new hopes [147, 148]. Endorsing plasticity may
increase the effectiveness of these treatments and preliminary data from our laboratory suggest that
monocular deprivation of the amblyopic eye may indeed boost sensitivity of the deprived eye and
improve its acuity [118] – just like an acuity change is revealed by the present BOLD measurements
in normally sighted participants. Our data demonstrate that two hours of abnormally unbalanced
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visual experience is sufficient to induce a functional reorganization of cortical circuits, particularly
of the parvocellular pathway, leading to an alteration of basic visual perceptual abilities.

1.4 Methods
1.4.1 EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental procedures are in line with the declaration of Helsinki and were approved by the
regional ethics committee [Comitato Etico Pediatrico Regionale—Azienda Ospedaliero-Universitaria
Meyer—Firenze (FI)] and by the Italian Ministry of Health, under the protocol “Plasticità e
multimodalità delle prime aree visive: studio in risonanza magnetica a campo ultra alto (7T)”.
Twenty healthy volunteers with normal or corrected-to-normal visual acuity were examined (8
females and 12 males, mean age = 27 years) after giving written informed consent.

Short-term Monocular Deprivation
Each participant underwent two scanning sessions separated by two hours, during which they were
subject to the short-term monocular deprivation procedure described below. Just before each scanning
section, their binocular rivalry was measured psychophysically. One (male) participant was excluded
because of strong eye dominance tested with binocular rivalry before the deprivation. This left 19
participants (8 females and 11 males) whose complete datasets were entered all analyses. Sample size
was set to enable testing for correlations between neuroimaging and psychophysical data. Previous
work [108] reveals a correlation between MR spectroscopy data and binocular rivalry measures r =
0.62 (or higher), which implies a minimum of 17 participants to detect a significant correlation at
0.05 significance level, with test power of 80% [149].

Monocular deprivation was achieved by patching the dominant eye for 2 hours. The operational
definition of dominant eye applied to the eye showing the longer phase durations during the baseline
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binocular rivalry measurements. Like in previous studies [101-103], we used a translucent eye-patch
made of plastic material allowing light to reach the retina (attenuation 0.07 logUnits, at least 3 times
smaller than the threshold for discriminating a full-field luminance decrement [150] and more than
ten times smaller than the minimum photopic luminance decrement required for shifting the spatial
[151] or temporal contrast sensitivity function [152]). The patch prevents pattern vision, as assessed
by the Fourier transform of a natural world image seen through the eye-patch. During the 2 hours of
monocular deprivation, observers were either engaged in the retinotopic mapping experiment (about
30’, described below) or they were free to read and use a computer.

Binocular Rivalry
Binocular rivalry was measured in two short sessions (each comprising two runs of 3 minutes each),
immediately before the Pre- and Post-deprivation MR sessions, in a quiet space adjacent to the MR
control room. Visual stimuli were created in MATLAB running on a laptop (Dell) using
PsychToolbox [153], and displayed on a 15- inch monitor (BenQ). Like in [108], observers viewed
the visual stimuli presented on the monitor at a distance of 57 cm through anaglyph red-blue goggles
(right lens blue, left lens red). Responses were recorded with the computer keyboard by continuous
alternate keypresses. Visual stimuli were two oblique orthogonal red and blue gratings (orientation:
±45°, size: 3°, spatial frequency: 2 cpd, contrast 50%), surrounded by a white smoothed circle,
presented on a black uniform background in central vision. Peak luminance of the red grating was
reduced to match the peak luminance of the blue one using photometric measures. All included
participants had typical binocular rivalry dynamics, with low percentage of mixed percepts (reported
for 8.5 ± 2.04% of time on average). Only one participant experienced of mixed percepts for more
than 20% of time (exactly for 31.2%) and his data are in line with the others.
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Stimuli for fMRI
Visual stimuli were projected with an MR-compatible goggle set (VisuaStimDigital, Resonance
Technologies, Los Angeles, USA), connected to a computer placed in the control room. The goggles
covered a visual field of approximately 32 × 24 deg, with a resolution of 800 × 600 pixels, mean
luminance 25 cd/m2; the images in the two eyes were controlled independently.
During all functional MRI scans participants were instructed to maintain central fixation on a red
point (0.5 degrees) that was constantly visible at the center of the screen. Bandpass noise stimuli were
white noise images filtered to match the spatial frequency tuning of neurons in the visual cortex [154].
We generated a large white noise matrix (8000 × 6000) and filtered it with a two-dimensional circular
bandpass filter Bp defined by Eq. 1:
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eq. 1

where P is the peak spatial frequency, q is the filter half-width at half maximum in octaves. We
generated five band-pass noise stimuli, by setting q = 1.25 octaves and P = 0.1 cpd, 0.2 cpd, 0.4 cpd,
1.1 cpd, 2.7 cpd. Each stimulus was presented for a block of 3TRs, during which the image was
refreshed at 8Hz (randomly resampling a 800 × 600 window from the original matrix). Stimuli were
scaled to exploit the luminance range of the display, and this yielded very similar RMS contrast values
(shown in supplementary Fig. S3). Stimulus blocks were separated by 4TRs blanks, consisting of a
mid-level gray screen. The five band-pass noise stimuli blocks were presented in pseudo-random
order, twice per run, for a total of 70 TRs. In each run, stimuli were only presented to one eye, while
the other was shown a mid-level gray screen. Each eye was tested once, before and after deprivation.
Immediately upon application of the monocular patch, we performed two additional scans to perform
retinotopic mapping of visual areas. Meridian and ring stimuli were presented monocularly (to the
non-patched eye) and were defined as apertures of a mid-level gray mask that uncovered a
checkerboard pattern, 1 deg at 1 deg eccentricity to 2.5 deg at 9 deg eccentricity, rotating and
contracting at a rate of one check per second. Meridians were defined by two 45° wedges centered
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around 0° or around 90°. The horizontal and vertical meridian were presented interchangeably for 5
TRs each (without blanks) and the sequence was repeated 6 times for a total of 60 TRs. Rings
partitioned screen space into six contiguous eccentricity bands (0-0.9 deg, 0.9-1.8 deg, 1.8-3.3 deg,
3.3-4.7 deg, 4.7-6.48 deg, 6.48-9 deg). Odd and even rings were presented in two separate runs. In
each run, the three selected rings and one blank were presented in random order for 5 TRs each, and
the sequence was repeated (with different order) 6 times for a total of 120 TRs.

MR system and sequences
Scanning was performed on a Discovery MR950 7 T whole body MRI system (GE Healthcare,
Milwaukee, WI, USA) equipped with a 2-channel transmit driven in quadrature mode, a 32-channel
receive coil (Nova Medical, Wilmington, MA, USA) and a high-performance gradient system (50
mT/m maximum amplitude and 200 mT/m/ms slew rate).
Anatomical images were acquired at 1 mm isotropic resolution using a T1-weighted magnetizationprepared fast Fast Spoiled Gradient Echo (FSPGR) with the following parameters: TR = 6 ms, TE =
2.2 ms. FA=12 deg, rBW = 50kHz, TI = 450 ms, ASSET = 2.
Functional images were acquired with spatial resolution 1.5 mm and slice thickness 1.4 mm with slice
spacing = 0.1 mm, TR = 3 ms, TE = 23ms, rBW = 250 kHz, ASSET = 2, phase encoding direction
AP-PA. No resampling was performed during the reconstruction. For each EPI sequence, we acquired
2 additional volumes with the reversed phase encoding direction.
1.4.2 QUANTIFICATION AND STATISTICAL ANALYSIS

Areas V1, V2 and V3 were manually outlined for all participants using retinotopic data projected on
surface models of white matter. The V1/V2 boundary was traced from the vertical/horizontal
meridian flip superior/inferior to the calcarine sulcus, and the V2/V3 border and V3 border from the
subsequent opposite flips. Areas V4, V3a and hMT+ (merging MT and MST) were defined based on
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the cortical parcellation atlas by Glasser et al. [155]. V1, V2, V3, V4 and V3a ROIs were further
restricted to select the representation of our screen space. Specifically, the anterior boundaries were
defined based on activation from most peripheral (6.48°-9°) ring stimuli of the retinotopic mapping
scans; in addition, vertices were only included in the analysis if their preferred eccentricity (estimated
through Population Receptive Field modelling, see below) was larger than 1, since no reliable
mapping could be obtained for the central-most part of the visual field.
Analyses were performed mainly with Freesurfer v6.0.0, with some contributions of the SPM12 and
BrainVoyager 20.6 and FSL version 5.0.10 [156] packages.
Anatomical images were corrected for intensity bias using SPM12 [157] and processed by a standard
procedure for segmentation implemented in Freesurfer [recon-all: 158]. In addition, each hemisphere
was aligned to a left/right symmetric template hemisphere [fsaverage_sym: 159].
Functional images were corrected for subject movements [160] and undistorted using EPI images
with reversed phase encoding direction [Brain Voyager COPE plug-in 161]. We then exported the
preprocessed images from BrainVoyager to NiFTi format. These were aligned to each participant’s
anatomical image using a boundary based registration algorithm (Freesurfer bbergister function) and
projected to the cortical surface of each hemisphere. All analyses were conducted on data in the
individual subject space. In addition, for visualization purposes, we also aligned the results of
timecourse analyses (GLM and subsequent pRF and spatial frequency tuning estimates) to the
left/right symmetric template hemisphere. Averaged results across the 18x2 hemispheres are shown
in the maps of Fig. 1B, Fig. 5A and Supplementary Fig. S1.
General Linear Model analysis was performed with in-house MATLAB software (Mathworks,
version R2016b). We assumed that fMRI timecourses result from the linear combination of N
predictors: boxcar functions representing stimulus presence/absence (one per stimulus type)
convolved by a standard hemodynamic response function (see Eq. 2), plus two nuisance variables (a
linear trend and a constant). We modeled the hemodynamic response function as a gamma function
h(t):
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with parameters n=3, t=1.5 s, and d=2.25 s [162]. Beta weights of the stimuli predictors were taken
as estimates of the BOLD response amplitude and normalized by the predictor amplitude to obtain a
measure that directly corresponds to % signal change; beta weights were also scaled by an error
measure to obtain t-values, following the same procedure as in [163]. Computing BOLD responses
for each individual vertex of the cortical surface leads to up-sampling the functional data (each 1.5 x
1.5 x 1.5 mm functional voxel projecting on an average of 3 vertices). We ensured that this does not
affect our statistical analyses by first averaging data from all vertices within a region of interest (e.g.
V1), thereby entering all ANOVAs with a single value per subject and region of interest.

Population Receptive Field mapping
The pRFs of the selected voxels were estimated with custom software in Matlab, implementing a
method related to that described by Dumoulin and Wandell [53]. We modeled the pRF with a 1D
Gaussian function defined over eccentricity, with parameters @ and A as mean and standard deviation
respectively, and representing the aggregate receptive field of all neurons imaged within the vertex
area. We defined the stimulus as a binary matrix S representing the presence of visual stimulation
over space (here, eccentricity between 0 and 10 deg with 40 steps per deg) for each of 6 ring stimuli.
We used the results of our GLM analysis to estimate the vertex response to each of our 6 rings (as tvalues; using beta values yields very similar results). We assumed that each vertex response is the
linear sum over space (eccentricity) of the overlap between the pRF of the voxel and the input
stimulus, which is mathematically equivalent to the matrix multiplication between the stimulus and
the pRF.
BC = D @, A ∗ FC

eq. 3

where G is the index to ring number and varies between 1 and 6.
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We used this equation to predict the response to our six rings for a large set of initial pRF parameters;
for each vertex, we measured the correlation (our goodness-of-fit index) between the predicted
response and the observed t-values. If the highest correlation was < .7 the vertex was discarded;
otherwise, the parameters yielding the highest correlation were used to initialize a nonlinear search
procedure (MATLAB simplex algorithm), which manipulated @ and A to maximize goodness-of-fit,
with the constraint that @ could not exceed 20 deg or be smaller than 1 deg, and A could not be smaller
than .1 deg. Successful fits were obtained for 72.00 ± 1.86% of V1 vertices, for which the initial
coarse grid search gave a correlation > 0.7 and the nonlinear search settled within the constraints. All
analyses (on average and distribution of responses and tuning parameters) considered the sub-region
of V1 for which a successful fit was obtained. We used @ to estimate the preferred eccentricity of
each vertex.
The main modifications of our procedure relative to that described by Dumoulin and Wandell [53]
are the following: (a) fMRI data were acquired in a block design with only six stimulus types (six
eccentricity bands) rather than varying stimulus position at each TR; this allowed us to use a standard
GLM approach to estimate each vertex response to the six stimuli (assuming a standard hemodynamic
response function) and then use the pRF model to predict these six time-points – much faster than
predicting the full fMRI series of 120x2 TRs; (b) our stimuli and consequently our pRFs were defined
in one dimension (eccentricity) – whereas the standard pRF is defined in 2D, eccentricity and polar
angle (or Cartesian x and y); (c) we maximized the correlation between the predicted and observed
fMRI response time-courses rather than minimizing the root mean square error; this eliminates the
need to estimate a scale factor to account for the unknown units of the BOLD signal.

Population Tuning for Spatial Frequency
Using a similar logic, we also estimated the population tuning for Spatial Frequency, which represents
the aggregate Spatial Frequency tuning of the population of neurons imaged within each vertex area.
We modeled the population tuning using a family of functions that includes the psychophysical
41

Contrast Sensitivity Function (CSF) and can be specified by the following one-parameter equation
(Difference-of-Gaussians):
"FHI = $
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K

&J+

– $ K/NO × A

eq. 4

Like we did for the pRF mapping, we defined a stimulus matrix S representing the Fourier spectra of
our five bandpass noise stimuli, i.e. the energy of visual stimulation in the frequency domain (here,
between 0.03 cpd and 12.5 cpd) for each stimulus. We used the results of our GLM analysis to
estimate the vertex response to each of our five bandpass noise stimuli (as t-values; using beta values
yields very similar results). We assumed that each vertex response is the linear sum over frequency
of the overlap between the pSFT of the voxel and the input stimulus, which is mathematically
equivalent to the matrix multiplication between the stimulus and the pSFT.
Like for pRFs, we estimated the best-fit A parameter of each vertex pSFT with a two-step procedure:
a coarse-grid search followed by the simplex search. We used the matrix multiplication of the pSFT
and the stimulus to predict the response to our five bandpass noise stimuli for a large set of initial A
values (between 1 and 1,000 in 100 logarithmic steps); for each vertex, we measured the correlation
(our goodness-of-fit index) between the predicted response and the observed t-values. If the highest
correlation was < .5, the voxel was discarded, otherwise the parameter yielding the highest correlation
were used to initialize a nonlinear search procedure (MATLAB simplex algorithm), which
manipulated A to maximize goodness-of-fit, with the constraint that A could not be smaller than .3
and larger than 10,000. Successful fits were obtained for 88.84 ± 1.28% of V1 vertices for which we
obtained a successful eccentricity fit (86.77 ± 1.25% of all V1 vertices).
We express the A parameter in terms of the high-spatial frequency cutoff of the filter (highest spatial
frequency at half maximum), FHQR for each vertex:
FHQR=

1.26

W
X

-0.045

eq. 5

42

Indices defining the effect of deprivation
We computed the effects of short-term monocular deprivation on both the dynamics of binocular
rivalry and our fMRI results, estimating the degree to which the two measures are correlated. In all
cases, the same equation was applied to psychophysical and fMRI data.
The first index, called “Deprivation Index” or DIpsycho and DIBOLD is given by eq. 6
]^ =
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eq. 6

For psychophysics, y = mean duration of Binocular Rivalry phases of the Dep or Ndep eye, during
the PRE- or POST deprivation sessions; for fMRI, y = mean BOLD response across V1 vertices to
stimuli in the Dep or Ndep eye, during the PRE- or POST-deprivation sessions.
The second index, called “Deprived-eye change” or DepCpsycho and DepCcutoff is given by eq. 7
]$"j =
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eq. 7

For psychophysics, y = mean duration of Binocular Rivalry phases of the Dep eye, during the PREor POST deprivation sessions. For fMRI, y = mean spatial frequency cut-off across V1 vertices
estimated for stimuli in the Dep eye, during the PRE- or POST-deprivation sessions.
Data from individual participants (mean binocular rivalry phase durations or mean BOLD
responses/pRF/pST across V1 or V2 vertices) were analyzed with a repeated measure ANOVA
approach, after checking that distributions do not systematically deviate from normality by means of
the Jarque-Bera test for composite normality (Matlab jbtest function, p-values given in the relevant
figures). F statistics are reported with associated degrees of freedom and p-values in the Results
section, in the form: F(df,dferr) = value; p = value. Post-hoc paired t-tests comparing conditions follow
the ANOVA results, in the form: t(df) = value, p = value. Associations between variables are assessed
with Pearson product-moment correlation coefficient, reported in the form: r(n) = value, p = value.
Aggregate subject data (i.e. vertices pooled across participants and hemispheres) were typically nonnormally distributed and thereby were analysed with non-parametric tests. The Wilcoxon sign-rank
test was used for comparing medians, and results are reported in the form: z = value, p = value.
43

1.5 Supplementary materials
Supplementary Figure 1-1 Effects of deprivation on V1 and V2 and mapped across the visual cortex.

Monocular deprivation had strong and opposite effects on the response to the 2.7 cpd
stimulus in the two eyes. Panels in the top row report responses to the non-deprived eye,
those in the bottom row to the deprived eye. The central panels map the average %BOLD
response to stimuli presented in either eye, before and after monocular deprivation
(isoeccentricty lines are taken from the pRF mapping shown in Fig. 5A main text), showing
that suppression of the non-deprived eye and enhancement of the deprived eye are largely
homogeneous within each ROI. Panel A & G compare % BOLD responses in each of our 19
individual participants (each point shows the average across the 2 hemispheres), to stimuli
in the non-deprived eye, before vs. after deprivation; the majority of points lie below the
bisection of the axes, implying a reduction of responses to the non-deprived eye after
monocular deprivation. The same comparison for stimuli in the deprived eye in panels B &
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H shows an increase of BOLD responses: most point lie above the bisection line, implying a
boost of responses to the deprived eye after deprivation.

Supplementary Figure 1-2 Split-half reliability of the deprivation effect in V1, related to Figure 1D

Average V1 BOLD response to the band-pass noise stimulus with peak frequency 2.7 cpd,
same as in Figure 1D but computed separately for each of the two stimulus repetitions that
occurred in each scan (PRE and POST, to either eye). This essentially splits the dataset in
half, and we show that both halves reveal a significant interaction between the factors time
(PRE, POST deprivation) and eye (deprived, non-deprived; interaction term: first block
F(1,18) = 7.53470, p = 0.01332, second block F(1,18) = 7.11116, p = 0.01572).
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Supplementary Figure 1-3 Bandpass noise stimuli, related to Figure 4

A: example time-course of stimulation, showing the blocked presentation of the five spatial
frequency stimuli. Blocks were presented in pseudo-random order, twice per run, for a total
of 70 TRs. In each run, stimuli were only presented to one eye, while the other was shown a
mid-level gray screen. Each eye was tested once, before and after deprivation.
B. example of the 2D bandpass noise stimuli, with their effective RMS contrast.
C: Normalized spectra of the bandpass filter that, multiplied by white noise, generated the
five bandpass noise stimuli.
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Supplementary Figure 1-4 population Spatial Frequency Tuning estimation, related to Fig. 5-6.

A: family of functions used to model spatial frequency sensitivity in individual vertices.
Different curves are generated by manipulating a single parameter, which is linearly related
to the high spatial frequency cut-off of the function.
B: spatial frequency tuning curves in A were multiplied by the five spatial frequency spectra
defining our band-pass noise stimuli, yielding a five-element vector that predicts the BOLD
response to the stimuli.
C-I: The BOLD response observed in each vertex (or pool of vertices, for Fig. 4) was fit
with the model, by varying the spatial frequency cut-off and finding the value for which the
predicted BOLD response correlates best with the observed BOLD response. For the
example vertex in panel C, the best fit cut-off is 0.5 cpd.; panels D-I show individual vertices
for which the best fit cut-off is 1, 2, 4, 8, 16 or 32 cpd (see text insets).
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2 Area Prostriata in the human brain2

2.1 Introduction
Area prostriata is a cortical area at the fundus of the calcarine sulcus, described anatomically in
humans [155, 164-167] and other primates [168-171]. It is lightly-myelinated and lacks the clearlydefined six-layer structure evident throughout the cerebral cortex, with a thinner layer 4 and thicker
layer 2 [172], characteristic of limbic cortex [173]. In the marmoset and rhesus monkey, area
prostriata has cortical connections with hMT+ [174], the cingulate motor cortex [170], the auditory
cortex [175], the orbitofrontal cortex and the frontal polar cortices [176]. Here we use functional
magnetic resonance together with a wide-field projection system to study its functional properties in
humans. With population receptive field mapping [53], we show that area prostriata has a complete
representation of the visual field, clearly distinct from the adjacent area V1. As in the marmoset, the
caudal-dorsal border of human prostriata–abutting V1 –represents the far peripheral visual field, with
eccentricities decreasing towards its rostral boundary. Area prostriata responds strongly to very fast
motion, greater than 500 deg/sec. The functional properties of area prostriata suggest that it may serve
to alert the brain quickly to fast visual events, particularly in the peripheral visual field.

2.2 Results
Prostriata is difficult to study functionally, as it lies adjacent to the far periphery representation of
V1, in the fundus of the calcarine sulcus. We therefore used a powerful model-driven approach –

2

This chapter describes work presented in Mikellidou, K., Kurzawski, J. W., Frijia, F., Montanaro, D., Greco, V., Burr,

D. C., & Morrone, M. C. (2017). Area Prostriata in the Human Brain. Current Biology, 27(19), 3056-3060.e3053.
doi:https://doi.org/10.1016/j.cub.2017.08.065
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population receptive field (pRF) mapping – to compute visual field maps [53] over a wide range of
eccentricities, up to ~60˚ (see Methods and supplemental Fig. S1). Fig. 1 A & B show left hemisphere
meshes with overlaid pRF eccentricity and polar maps of the occipital pole for four example subjects
(other subjects in supplemental Fig. S2A). The dashed lines show the borders between V1, V2 and
V3. Moving anteriorly in the eccentricity maps from the occipital pole (the foveal representation of
V1) towards the parieto-occipital sulcus (POS), following the representation of the horizontal
meridians of the polar maps in V1 (red colour-code of Fig. 1B), there is a clear progression in the
representation of eccentricity, up to ~60˚ (purple colour-code in Fig 1A). Larger eccentricities should
be represented in less than 2 mm (extrapolating published data [177]). At the intersection of the
calcarine sulcus and the POS, the eccentricity representation begins to decrease, consistently across
subjects. In the cortical space around this inversion, between the mapping of 60˚ in the calcarine
sulcus and the most central visual field representation in the POS, there appears to be a complete
independent map of the contralateral visual field (dashed white outlines of the meshes of Fig. 1A&B
and supplemental Fig. S2A). Given the position of this map, it likely represents prostriata in humans.
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Figure 2-1 Visual Field Maps showing Eccentricity and Polar Angle representations throughout the Occipital Lobe

A - Semi-inflated meshes of the left hemisphere for four representative sub- jects, showing
eccentricity representation throughout the medial part of the occipital lobe.
B - Polar angle representations in the same region. Dashed black lines show the borders between
V1, V2, and V3; dotted white lines enclose the putative functional region associated with prostriata.
See also Supplementary Fig. 2-1.

Fig. 2A plots the variation in eccentricity along a line in cortical space connecting the foveal
representation in V1 to that in the POS, passing through the point of the highest eccentricity in the
calcarine sulcus for each individual participant (which we define as origin). Eccentricity first
increases throughout V1, then rapidly decreases within a space of 10 – 20 mm (Mean=14.5 mm,
SD=3.5 mm) through the most anterior portion. The goodness of fit of the model (heatmap in Fig.
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2A) was significant across participants along the entire calcarine sulcus, through V1 and into the POS
region (p<0.005). Fig. 2B summarises the polar representations of all subjects. The upper and lower
visual fields (yellow and green respectively) were represented in similar proportions, but there was a
stronger horizontal than vertical representation, which may result from the more extensive horizontal
than vertical stimulation (60°cf42°). A similar asymmetry was observed in V1 (see Fig. S2D).
Fig. S2B shows that the receptive field coverage of the putative prostriata (the region around the
intersection of calcarine and POS) is quite uniform, with no tendency of magnification of central
vision. V1, on the other hand, has more voxels dedicated to central vision, following the well-known
magnification seen in many visual areas [27, 178] (Fig. S2C). Although our stimuli were not
optimized to measure RF size in the far periphery, the maps of Fig. S2E show that moving anteriorly
along the calcarine sulcus, there is a clear increase in receptive field size, remaining large over all
prostriata except the foveal representation in the POS. All these facts combine to suggest the existence
of a complete contralateral visual field representation inside a region corresponding to that described
in the marmoset monkey [169] and defined anatomically in human [155] as prostriata. The Talairach
coordinates of the average barycentre (N=9) of this area is X −19.8 ±1.7; Y −60.7 ±3.0; Z 1.4 ±4.5,
very similar to that which can be calculated from the average of Glasser et al.’s [155] 210 subjects:
X -22.0; Y -55.7; Z 2.5.
Figure 2-2 pRF mapping reveals a foveal representation at the end of calcarine sulcus with full representation of the visual field
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A - Eccentricity representation along the calcarine sulcus, for each subject (color code at
right), with large green dots and shading showing the mean and ±1 SEM. Along this axis
(described in text), there are two representations of central vision, at around _40 mm and
+20 mm, of V1 and prostriata, respectively. The lower heatmap shows the average
significance of the correlation of the pRF model fit (n = 9).
B - Histogram showing the proportion of voxels (averaged over participants) responding to
each polar angle within area prostriata (n = 9). Error bars show ±1 SEM. See also
Supplementary Fig. 2.

We have previously compared BOLD responses to moderate-speed (38 deg/s) and very fast
(570 deg/s) motion, and reported similarly strong and significant responses to both speeds in both
central and in peripheral visual fields in the majority of visual areas along the dorsal and ventral visual
pathways [40].However, in only one area, close to what we describe here as prostriata, did we observe
a preferential response to very fast motion. We confirm this preference in the current study. Fig. 3A
shows the contrast between moderate and very fast gratings on the posterior pole of the semi-inflated
mesh surfaces of the left-hemispheres of three representative participants (S3, S8, S9, blue/green
indicate preference for fast speed, red/yellow moderate speed). The distinct preference for fast motion
is evident at the fundus of the calcarine sulcus and beyond, extending into the POS and into area
prostriata(as defined by our pRFs techniques).Fig. 3B shows for each observer the modulation of
BOLD response of area prostriata to very fast and moderate speeds, compared with homogeneous
fields. For all subjects, the response was far stronger to fast than to moderate-speed gratings (0.55 ±
0.22 compared with-0.02± 0.22; t (8) =7.05, p<0.0001).This is the first example of a clear-cut
functional preference for very fast motion in any human visual area. Interestingly, it is similar to area
prostriata in the marmoset monkey [169]. The pattern of results for V1was quite different (Fig. 3C),
with the average responses to the two types of motion stimuli very similar (Fast: 0.52 ± 0.43;
Moderate: 0.51 ± 0.33; t (8) =0.06, p=0.95).
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We also recorded a weaker response in a region corresponding to prostriata in the right hemisphere
(Fig. S3A). This right hemisphere region also preferred very fast motion (Fig. S3B). The weaker
BOLD response probably results from our stimuli extending only 25° into the left visual field,
suggesting that area prostriata requires large stimuli to evoke strong BOLD responses, consistent with
its uniform representation of the visual field up to 40° of visual eccentricity (Fig. S2B).
To confirm that the visual response was selective to the direction of motion (rather than a spurious
response to flicker), in four subjects we measured the BOLD response separately to left- and rightdrifting gratings, and decoded the two directions of motion with a Multi-voxel pattern analysis
(MVPA) technique. The stars of Fig. 3D indicate that Support Vector Machine(SVM) classification
accuracy was significantly above chance for all four subjects, assessed by bootstrap sign test, for both
prostriata and V1.

Figure 2-3 BOLD Response to moving gratings.
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A: Contrast maps on semi-inflated meshes of the hemisphere showing preferential
activation to fast (blue) and moderate-speed (orange) gratings for three representative
participants (S3, S8, S9). Black dotted lines indicate the boundaries between area V1, V2
and V3. Area prostriata is encircled in a dotted white contour.
B: BOLD modulation of area prostriata to stimulation by fast and moderate-speed motion
for nine observers. The bars show the mean response (blue to fast, orange to moderate
speeds), symbols the response of individual observers. A similar pattern of responses was
observed in the right hemisphere, where the stimulated visual field was ~25˚ (see Fig. S3B).
C: BOLD modulation of area V1 to stimulation by fast and moderate-speed motion for nine
observers. Conventions as for B.D. Average classification accuracy of a linear SVM for
direction of fast motion in area prostriata and V1 (N=4). The dotted horizontal line
indicates performance at chance level (50%). Error bars show standard deviation of
classification accuracy. To yield an estimate of significance we used a bootstrap sign-test.
Performance of the SVM in all four subjects was significantly above chance level both for
area prostriata (Mean S1=65.2, S7=70.8, S8=68, S9=73; p=0.03) and V1 (Mean S1=70.8,
S7=72.2, S8=84.4, S9=73.7; p=0.01).

2.3 Discussion
We have examined the functional specificity of area prostriata in the human brain, previously
described by anatomical means [155, 164-167]. This cortical area responds preferentially torpid
motion over a wide visual field, extending up to ~60˚ into the far periphery, and has clear selectivity
for very fast motion. The functional characteristics of area prostriata point to an active role in
processing visual information from the periphery, with more voxels dedicated to the peripheral than
the central visual field. The homogeneous coverage of the visual field and preference for fast speeds
may explain why other researchers have not described this area functionally, as standard stimulation
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techniques typically extend no further than 10°, with speeds less than30 deg/sec. However, there are
hints in the literature of functional responses to prostriata in humans. For example, the pRF maps of
Mackey et al.[179] show clear activation in two subjects along the calcarine sulcus, responding to
stimuli of 12° degree eccentricity, distinct from V1 and consistent with the position of prostriata (their
supplementary Fig. 2). An earlier report using extended peripheral stimulation also shows an
inversion of polar angle sign at a location consistent with area prostriata (their Figs 1-2) [180].
Although our methods lack the fine grain resolution to map precisely the representations of polar
angles within the prostriate, they suggest an inversion of sign of upper and lower fields. In most of
our subjects the lower visual field is consistently represented more ventrally than the upper visual
field, similar to that reported for area V6 [180, 181]. The polar maps are not completely orthogonal
to the eccentricity maps in all subjects, unlike most reports of V1, V2, and V3. However, the gradients
are not perfectly parallel either, allowing the area to represent the entire contralateral hemifield. This
is similar to reported maps of intraparietal and frontal cortex [179] and also of the lateral occipital
complex [182]. Higher-order areas tend to have large receptive fields, best mapped with large stimuli,
making it difficult for linear RF models to accurately characterize angle and eccentricity. This
problem is exacerbated in the far periphery.

Moving dorsally along the POS from prostriate to V6, another small area has been segmented on
anatomical criteria [155]. It is possible that this area may show the same rule of inversion of visual
field map as described here for the prostriate. However, if such a visual area does exist, it did not
respond well to our battery of stimuli and to very fast motion: further dedicated experiments would
be needed to explore their possible functional specialization.

Previous anatomical studies have shown that area prostriata in primates is connected with multiple
and diverse cortical areas, including visual [174], auditory [175, 183] and motor[170] areas as well
as association areas in the cingulated [184], parahippocampal [185], posterior parietal [183], and
55

various frontal [176] regions. In non-human primates, prostriate neurons have large receptive fields
(~30°), extending into the far periphery [169]. Their physiological properties are similar to early subcortical structures, such as the lateral geniculate nucleus and the superior colliculus: they have high
spontaneous activity, robustly short latencies to visual stimulation, and preference for high speeds:
but little other stimulus selectivity, and weak adaptation to repeated stimulation [169]. Such a cortical
network could act to monitor the peripheral visual field for new and unexpected stimuli to shift
attention rapidly and generate coordinated defensive responses. This would be consistent with the
response to fast motion, and the strong representation of the peripheral field, reported here for humans
and observed in other primates [169]. The known connections of area prostriata with motor areas
controlling the head and upper limb musculature[170], as well as the importance of the peripheral
visual field (via the monocular crescents) in head and body stabilization[186] would be consistent
with this idea. Perhaps the specialization of prostriate within these general goals is the rapid
processing of peripheral signals.
Why the preference for such fast motion? Under natural conditions, fast motion occurs under two
general conditions: when we make saccadic eye-movements (300-600 deg/sec) and when objects
move very close to us (or we move close to stationary objects). In the case of eye-movements, we are
typically unaware of the fast image motion saccades generate, presumably because motion areas
stimulated during saccades are to some extent suppressed [187, 188]. Area prostriata could be one of
the areas involved with the suppression. On the other hand, fast motion near the eye, not generated
by the motion of the eye itself, could be a potential danger, requiring urgent action. And fast
peripheral image motion caused by our motion through the environment may be essential for
navigation. The anatomical proximity of area prostriata to retrosplenial cortex, which has been
implicated in spatial navigation is consistent with this notion [189].

To conclude, while central vision is essential for analysis of fine detail, the peripheral visual field is
responsible for shifts of attention and initiation of quick action when required through a complex
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network of diverse cortical areas. The unique functionality and structural connectivity of area
prostriata suggests the existence of a specialised cortical area for peripheral visual field processing,
disseminating information to multiple cortical areas.

2.4 Methods
Ten healthy participants (25-58 years old, 3 female, all right-handed) with normal or corrected-tonormal visual acuity were scanned. One participant was excluded because of excessive head motion
during the scans.

Scanning was performed with a GE 3T scanner (Excite HDx, GE Medical Systems, Milwaukee, WI)
at the Fondazione CNR/Regione Toscana G. Monasterio in Pisa, Italy. Each fMRI session comprised
six functional and one structural scans.
Three-dimensional (3-D) anatomical images were acquired at 1 × 1 × 1 mm resolution using a T1weighted magnetization-prepared fast Spoiled Gradient Echo (SPGR) sequence (FOV=256 mm,
BW=15.63, 256x256 matrix, TE=minimum full). Retinotopic maps were acquired with Echo Planar
Imaging (EPI) sequencing (FOV=240mm, 128x128 matrix, slice thickness=3 mm, 19 axial slices,
flip angle=90˚, TE=30 ms, TR=2500 ms). EPI sequencing was also used for acquisition of cortical
motion-sensitivity maps(FOV=240 mm, 128x128 matrix, slice thickness=3 mm, 19 axial slices, flip
angle=90˚, TE=30 ms, TR=1500 ms), as well as for acquisition of high-speed drifting grating maps
for SVM analysis for four out of ten participants (FOV=240 mm, 128x128 matrix, slice thickness=2.4
mm, 30 axial slices, flip angle=90°, TE=40 ms, TR=3000 ms). The first 4-5 volumes of each
functional acquisition were discarded from data analysis to achieve a steady state.

Drifting gratings and conventional retinotopic mapping stimuli were generated on a VSG 2/5 Visual
Stimulus Generator (Cambridge Research Systems) controlled by MATLAB programs (the
MathWorks, Natick, MA) in conjunction with routines from the Psychtoolbox [153, 190]. All
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participants viewed stimuli monocularly through the right eye through a 10-12D correction lens
depending on subject refraction, with the left eye obscured by a black patch. Stimuli were projected
onto a translucent screen 9 cm from the subject’s eye, using a fibre optic system (resolution 10000
fibres, 60 Hz [191]). The visible screen extended 60° to the right and 25° to the left, and ±42°
vertically.
We stimulated the visual cortex with large-field (~ 60°) gratings drifting at moderate and high speeds.
The two types of gratings had identical contrast (50%), average luminance (7 cd/m2) and temporal
frequency (10 Hz), differing only in speed and spatial frequency, by a factor of 14. Spatial frequency
for high-speed drifting gratings was 0.018 c/˚ at screen centre, corresponding to 571 ˚/s; for moderatespeed drifting gratings spatial frequency was 0.26 c/˚, and speed 38 ˚/s. Given that the screen was
flat, the spatial frequency (and hence speed) was not constant at the eye, but decreased with
eccentricity. However, this distortion was the same for both types of stimuli, and did not influence
temporal frequency. We used a block design, with the high-speed and the moderate-speed drifting
gratings displayed alternately for a period of 15 s, alternating direction within each block every 2.5 s
(starting leftward), each followed by a 15 s blank period. Each block was repeated six times.
For both types of motion stimuli maximum contrast sensitivity was identical in the far periphery
compared with full-field stimulation (high-speed gratings ≈230; moderate-speed≈280[192]). At the
50% contrast used during our fMRI session, detection and direction-discrimination of both types of
gratings was 100%, both for full-field and peripheral presentation.

For the SVM classification of motion directions, we presented three versions of the high-speed
drifting grating: leftward-moving, rightward-moving and stationary. These were presented pseudorandomly in a block design each lasting 12 s, with each block repeated ten times.

During all functional MRI scans with drifting gratings, participants were instructed to maintain
central fixation. To assess compliance, and to maintain visual attention during the scan, subjects were
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required to detect small chromatic variations of the fixation spot throughout the experiment (only
possible while fixating), and to keep a mental count of the number of times it was red (on average
once every four seconds). Mean accuracy for participants was 98% on this task, suggesting that eye
movements were minimal.

Population receptive field maps were constructed using (i) horizontal and vertical meridian
stimulation, (ii) upper, lower, left and right stimulation of the four visual quadrants, (iii) checkerboard
wedge stimuli and (iv) a combination of three sets of checkerboard ring stimuli to map eccentricity.

For (i) we used stimuli comprising 100 circular dots, half black and half white, moving on a grey
background in two symmetrical sectors across the fixation point along the two principal meridians
[25, 27, 193]. Each dot had a lifetime of 20 frames or 333 ms at a refresh rate of 60 Hz (local speed
at linear trajectory = 6.5 degs-1). A block design was used with meridians stimulated interchangeably
(6 repetitions) for 15 s and motion direction inverting seven times to avoid BOLD adaptation. For (ii)
we used stimuli comprising 250 circular dots, half black and half white, moving on a grey background
in four quadrants. Quadrants stimulated sequentially clockwise in a block design, starting from upper
right. All other information is identical to (i). For (iii) we divided the visual field into octants of 45
degrees each stimulating sequentially in a single run either the odd or even octants. Each of the four
octants within a run appeared on the screen for 15 seconds, with the last octant followed by a 15 s
blank period. This sequence was repeated 6 times.
For (iv), we presented three annuli comprising black and white (~90% contrast) checks at different
eccentricities sequentially for 15s in a block design starting with the most eccentric stimulus, followed
by the medium-sized and foveal stimulus (6 repetitions). The outermost annulus had and an outer
radius of 60° and an inner radius of 35° of visual angle, confined to the visible screen (extending 60°
to the right and 25° to the left, and ±42° vertically). The medium-sized annulus had an outer radius
of 27° and an inner radius of 20° and the central circular stimulus had 8° radius. Two additional runs
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comprised three rings each (first set 3° − 5.7°, 12.2°− 18.4°, 25°− 35°; second set 0°− 3.5°, 7°−
12.2°, 18.4°− 25°), followed by a blank. Stimuli for these two runs were presented in a pseudorandomized order, contrast reversal was 4 Hz and contrast was 0.9 over a mean grey background.

Data were analysed by Brain Voyager QX (Version 2.8, Brain Innovation, Maastricht, Netherlands)
and MATLAB (MathWorks, MA). Prior to statistical analysis, functional data underwent standard
pre-processing steps including 3-D motion correction, linear trend removal, and high-pass filtering.
Slice scan time correction was performed for functional data.

Functional data were co-registered on the 3D anatomical T1-weighted images using a gradient-based
affine alignment with the standard Brain Voyager nine parameters (three for translation, three for
rotation and three for FOV scale). For each individual participant, anatomical and functional data
were transformed first into their own AC-PC space (rotating the cerebrum into the anterior
commissure – posterior commissure plane) and then into Talairach space. To generate inflated
surfaces for each hemisphere the white–grey boundary was traced, using an automatic segmentation
algorithm, supplemented by manual correction by an expert operator to correct errors generated by
the automatic routine. This segmentation was also used to automatically reconstruct the surface of
the outer grey matter boundary, which was subsequently inflated and flattened.

We used in-built Brainvoyager QX v.20.2 routines for to estimate pRFs using the two-dimensional
Gaussian pRF model [53] given by:

k l, m = $

=
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eq. 2.1
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Where x and y specify the centre of the pRFs and σ size. The stimulated and modelled visual field
was ±60 degrees horizontal (x) and ±42degrees vertical (y). pRF sizes ranged from 0.2 to 20°, in 30
equal steps. Subsequently, the visual field was divided into a grid of 30 by 30 elements. For each TR,
we use the corresponding binarized stimulus frame (stimulated area is white; background is black)
irrespective of stimulus carrier and create a binarized version stimulus movie. The number of frames
in the movie corresponds to the total number of volumes. A positive response is predicted whenever
a stimulus falls on a pRFs and the prediction is convolved with the hemodynamic response function
(HRF). The best model fit for each voxel is obtained by finding values that maximized the correlation
between the predicted and actual BOLD response. The eccentricity maps were calculated as:

$QQ =

lX + mX

eq. 2.2

Fig. S1 of supplemental material shows an example fit for voxels in V1 and prostriata.
For each participant, BOLD responses were analysed using a General Linear Model (GLM) by
convolving a box-car function for each stimulation block with a canonical hemodynamic response
function (HRF). For each one of these ROIs, an ANOVA was conducted and the beta weights for the
two types of motion (fast/moderate) were extracted.

We use in-built Brainvoyager QX v.20.2 routines to run a linear support vector machine (SVM)
classifier with a fixed regularization parameter C=1 for four participants. For each trial and voxel
within the prostriata ROI (as previously defined by pRF mapping) we estimated and z-normalized T
values using a two-gamma hemodynamic response function. These values were used for training and
testing the linear SVM classifier. The classifier was trained with 70 trials, 35 for each direction of
motion, then tested with the 10 left-out trials (5 per direction). For each participant, this procedure
was repeated 50 times, with different random draws of the 10 left-out trials. The average accuracy of
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the classifier across bootstraps was calculated for each participant and is reported as percentage
correct.
To test the significance of the decoding accuracy, we ran a permutation bootstrap, where we
shuffled the labels of the direction of motion (left- or right-drift) of the training trials, and tested
decoding accuracy on the 10 left-out trials. We reiterated this procedure 1000 times, to perform a sign
test of significance (proportion of bootstrapped trails with accuracy greater than with original nonshuffled data).

2.5 Supplementary materials
Supplementary Figure 2-1 pRF modelling. Related to Figure 1.
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pRF model predictions (red lines) calculated with Eq. 1, and BOLD fMRI time-series
(dotted black lines) from two voxels located in A. V1 and C. prostriata in response to ring
stimuli mapping eccentricity of subject S9. The right two panels (B, D) illustrate the position
of each pRF in the visual field. Correlations between fMRI BOLD responses and model
predictions are strong in both cases (r=0.70 and r=0.61 for V1 and prostriata respectively).
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Supplementary Figure 2-2 Eccentricity, polar angle and pRF size in area prostriata and V1. Related to Figure 2.
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A - Semi-inflated meshes of the left hemisphere for the five subjects not reported in the main
paper, showing eccentricity and polar angle representations throughout the medial part of
the occipital lobe. Black dashed lines show the boundaries between areas V1, V2 and V3.
Area prostriata is encircled within a dashed white contour.
B - Proportion of voxels as a function of eccentricity, for prostriata and C. V1. Symbols
show results for the nine participants, bars group average. While V1 shows the
characteristic predominance for central viewing, with exponential decay, the distribution
for prostriata is more uniform.
D - Histogram showing the proportion of voxels (averaged over participants) responding to
each polar angle within V1 (n=9). The pattern of results is very similar to that observed in
area prostriata with a slight over-representation of the horizontal meridian, resulting from
the more extensive horizontal than vertical stimulation. E. Semi-inflated meshes of the left
hemisphere for three representative participants showing pRF size throughout the medial
part of the occipital lobe. Black lines show the boundaries between areas V1, V2 and V3.
Area prostriata is encircled with a dashed white contour. Error bars show ±1 SEM.
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Supplementary Figure 2-3 BOLD responses to moving stimuli in the right hemisphere. Related to Figure 3,

A - Semi-inflated meshes of the right hemisphere for two representative participants
showing BOLD activity to fast and moderate motion against blank. Area prostriata is
encircled within a white contour. The activation within area prostriata is significant
despite visual stimulation over 25 degrees.
B - Average modulation of BOLD activity in the right hemisphere projected prostriata
region in response to stimulation by fast and moderate-speed gratings. Although
reduced compared with the left hemisphere, we found significant average activation to
the fast gratings in area prostriata (t(8)=2.55, p=0.02). This area shows a significant
preference for fast compared with moderate-speed gratings (Fast: M=0.14. SD=0.16;
Moderate: M=-0.20, SD=0.22; t(8)=5.66, p=0.002). Error bars show ±1 SEM.
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3 Structural connections of human Area Prostriata with the
visual thalamus3

3.1 Introduction

Area prostriata is located at the fundus of the calcarine sulcus and has been described anatomically
in humans [155, 164-167] and other primates [168-171] (Fig 1. A&B). It is lightly myelinated and
lacks the clearly defined six-layer structure evident throughout the cerebral cortex, with a thinner
layer 4 and a thicker layer 2 [172], characteristics of the limbic cortex [173]. In the marmoset and
rhesus monkey, area prostriata has cortical connections with MT+ [174], the cingulate motor cortex
[170], the auditory [175] cortex, the orbitofrontal cortex, and the frontal polar cortices [176].

3

This chapter describes work from Kurzawski, J. W., Mikellidou, K., Morrone, M. C., Pestilli, F. Structural connections

of human area prostriata with the visual thalamus. In preparation
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Figure 3-1 Location of Prostriata in humans and primates

A: shows a labelled atlas, corresponding histological slice [194] and a T1 slice from one
of our subjects. For Atlas and histological slices prostriata has been labelled in red color
manually and in T1 image it has been mapped from a multi-modal parcellation template
[155].
B: shows three slices of a monkey atlas, similarly to A we manually label area prostriata in
red, here following the guidelines of atlas [195].
C: Eccentricity representation within area prostriata with a visual field stimulation
extending up to 15 degrees.
D: Myelin content
E: Cortical thickness within area prostriata. Eccentricity, myelin content and cortical
thickness maps created using HCP data [196].

Mikellidou et al., [197] described for the first time the functional properties of area prostriata using a
novel optic fiber system [191], showing that it preferentially responds to very fast motion, greater
than 500 deg/sec, and has a complete representation of the visual field, clearly distinct from the
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adjacent area V1. Interestingly, area prostriata does not show any cortical magnification for
processing of central vision, as shown by the homogeneous distribution of receptive field centers
across all eccentricities. As in the marmoset [169], the posterior-dorsal border of human prostriata—
abutting V1—represents the far peripheral visual field, with eccentricities decreasing toward its
anterior boundary. The functional properties of area prostriata suggest that it may serve to alert the
brain quickly to fast visual events, particularly in the peripheral visual field. Its structural connections
in other animals which include auditory cortices, cingulate motor areas, the orbitofrontal cortex, and
the frontal polar cortices [170, 175, 176], indicate that prostriata can act as an interface for the
coordination of motor responses required in orienting, and can mediate attentional shifts, postural and
defensive reactions in ‘fight’ or ‘flight’ situations.
Our aim here is to use tractography to explore the structural connectivity pattern of area prostriata
with the visual thalamus and the lateral geniculate nucleus (LGN), which is known to provide most
feedforward input into the visual cortex.

3.2 Results

3.2.1 Visual Connections

We have recently shown that area prostriata has a uniform receptive field coverage, with no tendency
for cortical magnification and a preference for very fast visual motion processing over a wide field
[197]. These functional properties may require a quick and efficient way of information transfer
between the visual thalamus and area prostriata and here we investigate the existence of such
structural connections. Fig. 2A shows the tract between the LGN and prostriata acquired and validated
with our processing pipeline (see Methods for details) for three example subjects overlaid on 3D
anatomies (first column, in green). The second and third columns show the two-subcomponents of
the prostriata-LGN tract; one that goes around the lateral ventricle (Fig. 2B-orange), reaching the
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LGN from a superior direction, quite likely through a set of association fibers (tapetum) and IFOF
and another one which follows a route similar to that of the optic radiations which connects the LGN
with V1 (Fig. 2C-light blue). To examine the diffusion properties of the two subcomponents of the
LGN-prostriata tract, we created tract profiles by calculating FA, MD and RD values separately at
100 locations along their length [198-200] Fig. 2D shows these tract profiles and reveals a difference
between the two sub-components not only within prostriata but also along the tracts. Specifically, the
FA tract profile for the OR subcomponent, shows an increase mid-way, whereas a reduction is evident
mid-way along the subcomponent which traverses the ventricle. Distinct tract profiles patterns are
also evident for MD and RD.
Figure 3-2 Division of thalamic - prostriata connection

A: Shows a white matter tract between the LGN and Prostriata (green) for three example
subjects.
B: One of the two subcomponents of the tract, encompasses the lateral ventricle (orange),
reaching the LGN from a superior direction.
C: The second subcomponent of the tract follows a route similar to the OR which connects
the LGN with V1 (light blue)
D: Average diffusion properties (FA, MD, RD) for the tracts displayed in A, B and C.
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To further investigate the sub-components of the prostriata-LGN tract shown in Fig. 2 we mapped
their origin on the cortical surface as shown in Fig, 3A. This revealed a preferential location for each
sub-component within prostriata. Specifically, the tract that follows the OR starts more posteriorly,
near the extreme peripheral representation of V1, whereas the tract that goes around the ventricle
starts more anteriorly. This division is consistent with the gradient of myelin content, cortical
thickness and representation of visual field as shown in Fig. 1C-E. After extracting these information
from prostriata we report that thicker parts of prostriata process the central visual field, similarly to
V1 [201]. We report that the ventricle tract transfers information from the foveal representation of
the visual field, while the OR tract transfers information from periphery. To confirm our findings, we
divide the prostriata ROI into two parts using the major axis of the ellipse illustrated in Fig. 3B, which
runs along the myelin/cortical thickness gradient. First, we determine how many fibers of the green
tract (Fig. 2A) pass through the orange part of prostriata (Fig. 3B) and compare these with fibers
comprising the ventricle (hits) and OR tracts (false alarms). In this case d’ prime is calculated to 1.90
(hits: 89.7%, false alarms: 26.3%). Then, we check how many fibers of the green tract (Fig. 2A) pass
through the blue part of prostriata and compare these with fibers comprising the OR (hits) and
ventricle tract (false alarms). In this case, d’ prime is calculated to 2.22 (hits: 88.2%, false alarms:
14.9%). Results are displayed in the bar plot of Fig. 3C and demonstrate that the two subcomponents
of our tract could indeed be transferring information from different parts of the visual field. The
anterior part of prostriata, with low myelin content and high cortical thickness (orange) processes
information from the central visual field and is connected with the LGN via the ventricle subcomponent of the tract. On the other hand, the posterior part of prostriata, with high myelin content
and low cortical thickness (light blue) processes information from the peripheral visual field and is
connected with the LGN via the OR sub-component of the tract.
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Figure 3-3 Division of prostriata based on tractography

A: Left and right hemispheres for three example subjects with overlaid normalized density
of fiber starting points. The yellow map corresponds to the tract traversing the ventricle (V),
while the blue corresponds to the fibers from the tract following the OR.
B: Illustration of the division of prostriata based on myelin content and cortical thickness
which is in accordance with central/peripheral visual field representations and as shown in
C: . the most anterior part is connected to the LGN via the ventricle tract, whereas the most
posterior part is connected via the OR sub-component.

3.2.2 Whole brain connectivity

After defining the visual connections of prostriata we took an exploratory approach to determine
which cortical areas have structural connections with area prostriata. To this end, we started tracking
from area prostriata and allowed the algorithm to reach any place in the cortex. We performed
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tractography for each hemisphere independently to observe connectivity patterns for the left and right
hemispheres separately.
Fig. 3 shows whole brain connectivity of area prostriata for an example subject. As expected,
structural connectivity patterns are very similar between the left and right hemispheres. The majority
of discovered tracks concentrate in the occipital lobe, due to prostriata’s location. As it is also located
very close to the fundus of calcarine sulcus and the retrosplenial cortex we were able to delineate
other major bundles such as the Inferior fronto – occipital fasciculus (IFOF), Inferior longitudinal
fasciculus (ILF) and cingulate bundle that were reported in similar studies. Comparable patterns have
been observed in other studies regarding the retrosplenial cortex [202-204]. Due to the small size of
area prostriata some fibers that follow major tracks are very concentrated whilst others reaching more
distal parts of the brain diffuse before reaching the target.
Figure 3-4 Whole brain connectivity of prostriata

Whole brain tractography using prostriata as a seed. Axial, and sagittal planes of a T1weighted image are plotted in a 3D manner with overlaid tracks that originate from area
prostriata.
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3.3 Discussion
The aim of this study was to explore the structural connectivity of area prostriata in the human brain
with the visual thalamus using diffusion tractography and freely-available datasets from the Human
Connectome Project. We observe a white matter bundle connecting area prostriata with the LGN that
can be parcellated into two sub-components; one that is following a route similar to the optic
radiations and another one that goes around the lateral ventricle and reaches the LGN from a superior
direction. We report that the position of fibers within prostriata for each sub-tract is different, with
those following the OR sub-component placed more posteriorly. When comparing our anatomical
results with eccentricity maps from previous reports [169, 197] we observe that the peripheral part of
prostriata is connected with the LGN through the OR subcomponent of the tract, whereas the visual
visual field representation is connected through the subcomponent traversing the ventricle. It is very
important to note that the fibers comprising the tract as whole, are in fact a continuum and not
independent entities. Similarly to the optic radiations [198], the foveal component of our tract has
higher FA values leaving the prostriata and reaching LGN than the peripheral one.
Although the curvy shape of the sub-tract traversing the ventricle is not one that is seen very often,
its existence is possible given the anatomy of the human brain. Recent evidence shows a white matter
bundle of similar shape to our sub-tract traversing the ventricle, crossing the splenium and extending
to the occipital lobe [205]. This white matter bundle might belong to the lateral part of the tapetum,
descending to the temporal lobe near the OR and the FOF. Original work that examined the agenesis
of the corpus callosum, argued that the tapetum is a separate structure and defined it as a direct
continuation of the occipital frontal bundle [206]. However, subsequent work demonstrated that the
tapetum is part of the splenium [207], it consists of callosal fibers, transfers information between
hemispheres [208], and it has been delineated in tractography studies [209, 210]. Irrespective of its
independence from the splenium, the tapetum could be transferring visual information to the visual
cortex as shown by a polarized light imaging study that placed a seed in the splenium of the corpus

74

callosum [211]. Interestingly, a patient with a transient splenium lesion, near the tapetum, has been
reported to have a transient visual field loss with no other neurological symptoms [212].
To optimize our tractography methods and avoid false positives, not only in terms of detecting a tract
but also in terms of its location, we manually corrected the white matter mask for each individual
hemisphere, so that the final result is limited only within voxels fully consisting of white matter.
During the manual correction, we excluded all voxels with partial volume effects that were incorrectly
labeled as white matter and were in fact grey matter or cerebrospinal fluid.
We decided to map subregions of prostriata based on the HCP 7T dataset [196]. The stimuli presented
in the study did not exceed 15 degrees of eccentricity and therefore we assume that the non-stimulated
part of prostriata is responsible for processing the peripheral information based on the cortical
thickness and myelin content information [201, 213]. Visual field preference within prostriata is also
consistent with previous reports [40].
The present results demonstrate that there is a structural connection between the LGN and area
prostriata in the human brain. Whether this connection is monosynaptic and therefore ‘direct’ or
polysynaptic, thus transferring information between the LGN and prostriata via another cortical area
is a question we cannot answer with tractography. The high spontaneous activity and short latencies
to visual stimulation of prostriata neurons in the marmoset monkey [169] do suggest a direct
connection with the visual thalamus. This would also be consistent with evidence from the tree shrew
showing a direct thalamic projection to the retrosplenial cortex and specifically area prostriata [214].
Such a structural connection between the LGN and prostriata, bypassing V1, could be of primary
importance in the presence of V1 lesions as it could be subserving residual visual abilities [40, 215].

3.4 Methods
3.4.1 Data
Anatomical and diffusion 3T data was downloaded from Human Connectome Project (HCP) dataset
(n=9) [216]. For each subject we extracted datasets that included b-values = 1000 s/mm2. Diffusion
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data included eighteen b=0 volumes interspersed with 280 diffusion-weighting directions. Diffusion
directions were uniformly distributed based on the HCP toolbox. T1-weighted images were acquired
using 3D MPRAGE description (TR = 2400 ms, TE = 2.14 ms, FA = 8 deg). Voxel size was 0.7mm
isotropic with matrix size of 224x224 mm, later resampled to match the resolution of the diffusion
data to 1.5 mm isotropic.

3.4.2 Preprocessing

All anatomies underwent a standard segmentation procedure using Freesurfers’s recon-all command
[217], which produces white/gray matter segmentation and created meshes representing left and right
hemisphere. Subject hemispheres were registered to the common template ‘fsaverage’ to allow the
registration of the regions-of-interest (ROIs) from the cortical template [155]. Volume anatomies
were also registered to the MNI space, which allowed the definition of subcortical ROIs. Anatomies
were aligned to AC-PC plane using mrVista software (https://github.com/vistalab/vistasoft). For each
subject we created a white matter mask based on Freesurfer’s segmentation. Each mask was visually
inspected and corrected to obtain an accurate white/gray matter boundary of each individual brain.

Diffusion data was first corrected for eddy-currents and phase-encoding distortions using FSL’s eddy
and re-sampled to 1.5 mm isotropic resolution. Mean b0 image was registered to T1-weighted
anatomy allowing to create a full ‘dt6’ dataset with vistasoft (https://github.com/vistalab/vistasoft)
that included diffusion data, b values, b vectors, a T1-image and diffusion metrics (i.e. fractional
anisotropy, mean diffusivity, axial diffusivity). Fractional anisotropy (FA) was defined as the
normalized standard deviation of the three eigenvalues of the diffusion tensor and indicates the degree
to which the diffusion ellipsoid is anisotropic (i.e., one or two eigenvalues are larger than the mean
of all three eigenvalues). Mean diffusivity (MD) was defined as the mean of the three eigenvalues.
Axial diffusivity (AD) was defined as the apparent diffusion coefficient measured along the principal
76

axis of the tensor model in each voxel. Radial diffusivity (RD) was defined as the average of the
diffusivity in the two minor axes of the tensor model. Diffusion tensor was estimated using
Constrained Spherical Deconvolution (CSD) model [218] with maximum harmonic order of lmax =
8 using mrTrix 0.2 [219].

Cortical ROIs were firstly projected on the average anatomy ‘fsaverage’ using the template [155] and
mapped back to the native cortical space using the mri_surf2surf function. Volume ROIs that were
used as masks for tractography were created using mri_surf2vol command for each subject.
Subcortical ROIs were mapped back from Talaraich Deamon labels included in FSL package [220].
In the tractography session we used the following regions: the lateral geniculate nucleus (LGN) and
area prostriata. The LGN ROI was dilated with maskfilter function (mrTrix, npass = 2).

3.4.3 Tractography

For each pair of ROIs located in the same hemisphere we estimated possible white matter tracts that
represent the anatomical connections. Tractography was constrained by the white matter mask and a
union mask of two ROIs was used as a seed. For each pair, we included only the fibers that traverse
through both ROIs. Tractography was performed using mrTrix software and the streamtrack
command. For each set of ROIs, the algorithm discovered a maximum of 10000 fibers with 1000000
trials. To improve the accuracy of our results we used ensembled tractography [221], which performs
the same tracking procedure but changes the minimum allowed curvature to propagate from voxel to
voxel. We used four different curvature thresholds c = [0.25 0.5 1 2 4] mm and merged the obtained
fibers in our final fiber bundles.

Obtained tracts were validated with LiFE software [222, 223]. The algorithm predicts the diffusion
signal using the orientation of the fascicles present in obtained connections and compare it to the
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acquired MR data. The difference between the two is used to calculate prediction error. For each
voxel a weight is assigned that describes how each fascicle contributes towards predicting the
diffusion model, with 0 signifying maximum error and 1 no error. Fascicles with zero-weights were
discarded from the analysis. This procedure was applied to all tracts.

We focused on a tract that connects the LGN with area prostriata. For each subject, we used a plane
extraction method to dissect its components, where we visually inspect the connection and by drawing
an exclusion plane we divide it into sub-components (all planes available as Matlab ROIs compatible
with mrDiffusion).
To visualize the starting points of the two sub-components of the tract we first transformed the
tractography results to the volume using dtiFiberendpointNifti function (vistasoft) and followed
previously described surface mapping procedures from FreeSurfer (mri_vol2vol, mri_vol2surface).
This allowed us to locate and evaluate the exact location within the seed from which fibers originate.
The normalized density of fibers was calculated by taking the number of fibers passing through a
voxel and dividing by the maximum number of fibers within a voxel included in the track. The density
map was masked with the prostriata ROI.
To divide our tract accordingly to the preference for processing different visual field we masked the
general LGN – prostriata connection with rois obtained by dividing prostriata according to an
eccentricity map obtained from the retinotopy atlas [196] (Fig. 1C). The pRF map was thresholded
with 5% of explained variance. We defined the fibers passing through the desired ROI using
dtiIntersectFibersWithRoi
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4 Bilateral Visual field maps in a patient with left eye
microphthalmia and massive congenital brain damage
involving the left geniculostriate pathway: A Case study4

4.1 Introduciton

Retinotopic representation of the visual field is a principal feature of the visual system, which is the
outcome of delicate interplay of preprogrammed mechanisms and experience-dependent mechanisms
during early development [51, 224]. Such topographic maps can emerge without a sensory organ, in
spite of that the connections between the sensory organs and the brain are critical in preserving
topographic maps [225]. Therefore, in the formation of retinotopic visual maps optic chiasm plays a
vital role, which is the connection between the eyes and the brain [226]. This structure allows the
information from the two eyes to be combined. At the optic chiasm the fate of axons from the eyes is
directed such that axons from both the left and the right eye, which carry information from the right
visual hemifield, are led to the left hemisphere and vice versa. Due to this partial crossing of the optic
nerves at the human chiasm, contralateral visual field maps are found in each hemisphere [226].
When the visual system is affected by a disease or trauma the aforementioned transfer of information
becomes a challenge for the visual system. To compensate for the detriment the visual system has the
ability to reorganize its functions and structure. The recovery rates highly depend on whether the
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Bilateral Visual field maps in a patient with left eye microphthalmia and massive congenital brain damage involving the
left geniculostriate pathway: A Case study. In preparation.
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damage is congenital or acquired [227]. If it’s the latter the age of the patient during the incident plays
a crucial role as the adult brain is believed to be hard-wired with little space for plasticity. Hence
acquired cortical damage of the adult visual system can result in complete loss of visual input to early
visual areas, often resulting in scotomas in the corresponding visual field or complete blindness [227229]. There is still a lack of unequivocal account for the mechanism and scope of the subsequent
reorganization in the adult visual system [62]. The extent of plasticity triggered by congenital or early
developmental visual pathway deformities seems to be different from adult plasticity.
A large group study of subjects with occipital lesions where the damage occurred within late teens
and around 30 years reported correlation between age at lesion and the probability that the scotoma
shrinks during the years succeeding brain injury [230]. Comparably, recovery of visual capabilities
was greater in patients who underwent hemispherectomy at the age of 7, as compared to cases where
the surgery occurred later in life [231]. In clinical cases where the damage is prenatal or in early
infancy, when the visual system is extremely plastic and prone to extensive reorganization it can
efficiently compensate for those visual functions that are attributed to the impaired structures [232].
Werth et al. (2006) reported the case of a child who underwent hemispherectomy at 4 months of age,
but later developed a normal visual field comparable to age-matched controls [233]. Muckli et al.
(2009) reported reconstructed visual field maps for an individual who lost large parts of the right
hemisphere during embryonic development [234]. She therefore lacked an optic chiasm, but still
retained largely bilateral visual fields. This condition was associated with microphthalmia of the right
eye, as the left optic nerve projects entirely ipsilateral, that is, to the left hemisphere.
To emphasize the main point, all cases mentioned here showed dense or sparse scotoma, but the
studied subjects did not develop the blindsight. Blindsight is a case where patient is characteristically
unaware of stimuli presented in the scotoma, but can perform above chance level in forced-choice
tasks for stimuli presented in the affected visual field, even though there is damage in the
corresponding V1 regions [227, 228, 235]. It has been reported in the literature that blindsight patients
show a clear capacity to process ‘dorsal’ visual stream properties, such as luminance contrast, flicker
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and motion, leading to the idea that a direct projection from subcortical structures to the extrastriate
middle temporal area (hMT+) might sustain residual visual functions [236]. In case of blindsight
patient G.Y., whose left V1 is totally damaged, has a strong ipsilateral connection between LGN and
hMT+ [237]. The individual variation of the LGN- hMT+ pathway has been recently linked to the
likelihood to develop blindsight after a lesion to primary visual cortex in adulthood [236].
It is still not very well-defined, why some patients with congenital lesions develop blindsight while
others show nearly normal residual vision, even though the lesions to the occipital cortex are similar
[40, 238]. In this study we measured residual perceptual capacities of a 12-year-old girl IB, with a
congenital very extensive brain lesion in left hemisphere along with a left eye Microphthalmia.
Microphthalmia is a rare condition (combined birth prevalence: up to 30 per 100 000 cases) associated
with an absence and reduction of eye size in the orbit, respectively, while some normal adnexal
elements and eyelids are usually present. In monocular severe microphthalmia, the lateralization of
the optic nerve projections of the fellow eye was reported to be normal [225, 239]. But in case of
Patient IB, the contralateral LGN (Left) is missing to receive the input from the fellow eye (right eye).
Hence, the reorganization that occurred in Patient IB to serve the residual vision is quite striking.
In spite of lacking inputs to the affected side of striate cortex, IB has a surprisingly sparse scotoma.
In order to understand her good visual capabilities, we measured contrast sensitivity, retinotopic
organization along with tractography to understand the plasticity in the visual system.

4.2 Results

4.2.1 Behavioral results

Patient IB ‘s visual field was evaluated by an automated perimetry system (KOWA AP 340: similar
to the Humphrey perimeter). IB’s left eye has microphtalmus, hence cannot detect any light.
Therefore, only right eye was tested for 283 different locations, covering the full field of view of
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120X120 degrees. The central fixation was monitored throughout the session, while presenting the
light targets of varied luminance. Panel D of Fig. 1 visual field of Patient IB clearly shows the
contralateral visual field (right) is largely spared, with the only exception of a very sparse scotoma in
the lower right visual field only after 15˚ of eccentricity.

Further, we measured contrast sensitivity with two different tasks namely motion discrimination and
orientation discrimination for Patient IB along with two age matched controls (see methods for
details). Patient IB had similar threshold for motion discrimination and orientation discrimination at
10˚ of eccentricity, which is around 9% of Michelson contrast, while the threshold is 2% for two age
matched controls. (C1 & C2 threshold). Then we further tested for orientation discrimination at 24˚
and 36˚ of horizontal eccentricity. Patient IB had threshold of 12% and 22% for 24˚ and 36˚ of
eccentricities. While the age matched controls had thresholds around 5% for 24˚ and 7% for 36˚ of
eccentricity. It is important to note that Patient IB always performed above chance in all the
eccentricities. However, her thresholds were a log unit different from age matched controls at nonfoveal eccentricities. This remarkable data hints the possibility of some compensatory mechanisms
in action despite contralateral hemifield damage.
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Figure 4-1 Psychophysical assessment of Contrast sensitivity in Patient IB and two age matched controls

A - Contrast sensitivity for Motion discrimination at 10 ˚ of horizontal eccentricity. (B, C,
D) Contrast sensitivity for Orientation discrimination at 10˚,24 ˚ and 36 ˚ of horizontal
eccentricity respectively.
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4.2.2 Population receptive field mapping
Figure 4-2 pRF mapping of visual cortex in patient IB

A: Variance explained (B) eccentricity (C) polar angle (D) Fit of the pRF model prediction
(solid black lines) to the observed BOLD times series (red lines) in a given voxel for IB for
three eccentricities. Each column is for right and left hemisphere.

Then to further assess the retinotopic organization, we employed a very efficient model driven
approach, population receptive field (pRF) mapping. As per the method, all the stimulus (a total of
280 volumes) sequence presented over four different sessions (see methods for the details) put
together to verify the response in accordance with retinotopic special map.
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Figure 4-3 GLM results in Right LGN

A: t value of the contrast (all wedges vs blank) plotted on one slice of the anatomical brain.
(An ROI in Blue is placed on the right LGN.)
B: Percent signal change in the LGN for each wedge. Right LGN is responding to all four
wedges from the contra-lateral & Ipsilateral visual field

The maps generated by this pRF method are shown in Fig. 3. Maps of variance explained,
eccentricity and polar angle are shown is subsequent panels. In normal population, contralateral
representation of each hemifield is well documented. Surprisingly, patient IB shows similar
retinotopic organization. The polar angle map shows the left and right contralateral maps and upperlower visual field inversion in both the hemifields of patient IB. (Fig. 3, C). Eccentricity map nicely
show that foveal stimulus in processed near the occipital pole and subsequent eccentricities are well
mapped along the calcarine sulcus up to 30˚ of central visual field (Fig. 3, B).
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4.2.3 Tractogrpahy

Figure 4-4 Tractography results of patient IB

A: White matter tracts from Optic chiasm as seed.
B: White matter tracts from superior colliculus to early visual areas in the affected
hemisphere and from LGN to early visual cortex in the healthy hemisphere.

In order to examine whether there is a crossing over of the visual information to left side of the brain
from optic chiasm, a seed (starting point for tractography) is placed in the Optic Chiasm (OC). (Fig.
3A) ROI covers the main area of OC as well as the anterior parts before the crossing to ensure the
discovery of all visual pathways. The global pattern suggests a full connectivity with the unaffected
hemisphere with fibers extending to temporal and occipital lobes. The lesion side suffers from lack
of connections and information transfer from OC to the left thalamus and left occipital lobe (tracking
initiated 5 times, see methods). Fig 3B presents the connectivity with different pairs of ROIs for each
hemisphere. The regular pattern is seen in the right hemisphere with evident fascicles connecting
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visual areas. Both thalamic connections (V1, MT) are clearly mapped as well as the cortical V1-MT
fiber bundle is represented. In the left hemisphere, the connectivity patterns are highly distorted. Due
to the lack of LGN, we used SC as a thalamic ROI. Although there is a lot of white matter missing
due to the lesion, some parts connecting the thalamus and visual cortex are present. We discover two
connections from SC, reaching V1 (sparser) and MT complex. A connection between MT and V1 in
the right hemisphere is also recognized.

4.3 Discussion

In spite of a missing left eye (microphtalmus eye) and a massive lesion in the left hemisphere, which
consists a complete lack of LGN to V1 pathway, Patient IB shows interestingly remarkable residual
visual capacities. The computerized perimetry indicated that light detection in the right hemifield was
almost completely preserved up to 30° along the horizontal axis. At more extreme eccentricities target
detection was slightly impaired, only in the lower right visual field. Such a distortion is also
consistent with the observed difference between contrast thresholds for orientation discrimination.
Our data indicate that the cortical reorganization in patient IB. was able to mediate residual contrast
analysis to serve not only the basic detection, but to discriminate the stimulus properties like motion
and orientation. The retinotopic representation of central full field in contralateral hemispheres
support the existence of normal residual vision in Patient IB.

This raises the question that what neural pathway mediates vision in the lesioned hemisphere? Where
is the input to left V1 coming from? All the visual information received from the right eye does not
cross over to the left side through optic chiasm, as shown by our tractography results (Fig 4A). Only
in the light of tractography results, it is possible to hypothesize about the input pathway to damaged
hemisphere. Primate studies suggest that, the SC is the first station in a subcortical relay of retinal
information to extrastriate visual cortex. Ascending SC projections pass through pulvinar and LGN
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on their way to cortex [240]. Superior colliculus to hMT+ tract in our case survives the threshold for
the lesioned hemisphere. We know from the literature that this tract is prominent at birth and is
heavily pruned during development to practically disappear in adulthood [241-244]. Given that in
human infants, unlike in other sensory systems complex network of higher visual associative areas is
still not well established by 7 weeks of age [245]. When there are no white matter projections
available for V1 in damaged hemisphere, there is also no possibility of developing a feed forward
connection from V1 to hMT+. This could lead to the strengthening the extrastriate tract in such
patients. Ajina et al. (2015) corroborated this assumption using tractography , where they show the
residual vision in blindsight is facilitated by an intact white-matter pathway between the lateral
geniculate nucleus and motion area hMT+ [236, 241]. Our results are broadly consistent with this
assumption. In case of Patient IB, the brain seems to have retained the strong connection between
superior colliculus areas to hMT+, presumably mediated by pulvinar. It is certainly not from LGN,
as it is absent in the damaged side. This is supported by tractography results showing strong superior
colliculus to hMT+ tract in the lesioned hemisphere.
.
It is interesting to compare our results with a case study reported by Muckli et al., (2009) [234]. They
report a 10-year-old patient (AH) who lacks the entire right cortical hemisphere and most of her right
eye (microphtalmus). The patient’s spared hemisphere has representation of both contralateral (right)
visual hemifield and the ipsilateral (left) visual hemifield. They rightfully conclude that, the retinal
ganglion-cells changed their predetermined crossing pattern in the optic chiasm and grew to the
ipsilateral LGN. The lesion in Patient IB is less pronounced, sparing the primary and some associative
visual cortex in the damaged hemisphere. Hence the primary areas can be utilized for visual maps by
rerouting the visual pathway.

Our study thus presents a case of development of the pathological brain, where some abnormal
thalamic projections can be formed, and supports the account of mediating pathway that bypasses
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V1, and connects the thalamic nucleus directly with the extrastriate cortical area MT underlying
residual vision in patients [235].

4.4 Methods

4.4.1 Clinical description

Subject IB is a 12-year-old girl. She was born and with a very extensive congenital brain
lesion involving half of the left cortical hemisphere (parietal and occipital cortex and partially
optic radiations). She also has microphtalmus and retinal detachment in her left eye causing
the complete loss of vision in that eye. During the first year after birth, she had epileptic
seizures, which needed medication. IB also has a right hemiplegia involving particularly the
upper limb. Generally, she also has slowness, especially for visuo-motor task.
IB’s cognitive level assessed by WISC–IV is in the range of mild disability with borderline
performance in verbal comprehension. A specific expressive-receptive language disorder is
still present. She is now able to read and write. A complete ophthalmological evaluation
revealed no refractive error in her right eye. Her visual acuity was 0.9, which is in the normal
range. Stereopsis was absent, while color recognition was good. The visual field was assessed
by an automated perimetry system (KOWA AP 340) in which luminance detection was tested
for each eye for target locations spanning an area of 120 X120°of visual field showing a
reduced sensitivity only on the periphery of the lower-right-hemifield (beyond 15˚ of
eccentricity).
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Figure 4-5 Visual field & Structural T1-weighted MRI scans of Patient IB

Sections showing the absence of LGN & optic radiations in the left hemisphere are
displayed in A: transverse B: sagittal C: coronal planes. D: Graphical reconstruction of
visual field perimetry up to 60˚ of eccentricity. Visual field perimetry obtained with the
KOWA AP 340, retaining 5˚ resolution of the perimetry. The contra-lateral right visual field
has a very sparse scotoma in the lower field only after 15˚ of eccentricity

4.4.2 Data acquisition
Imaging data was acquired on a GE 1.5 T HD Neuro-optimized System (General Electric Medical
Systems) fitted with 40 mT/m high-speed gradients. The fMRI session consisted of one structural
and six functional sessions. A whole-brain fast spoiled gradient recalled acquisition in the steadystate T1-weighted series (FSPGR) was collected in the axial plane with TR 10.2 ms, TE 2.4 ms,
inversion time (T1) 700 ms, flip angle 1⁄4 10, yielding 134 continuous 1 mm axial slices with an inplane resolution on of 0.75 mm.
Functional data were acquired with a single-shot gradient-echo, echo planar (EPI) sequence.
Acquisition parameters were: 38 axial slices of 3mm thickness, 64x64 matrix, 3x3 mm in-plane
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resolution, 50 ms echo time (TE), 3000 ms repetition time (TR), 90 flip angle. The first four volumes
of each session were discarded to allow stabilization of the BOLD. The coverage included supratentorial structures and most of the cerebellum.
Diffusion data was acquired in the same session. It consisted of dataset with b0 image acquired in the
beginning of the sequence and 60 equally distributed diffusion directions with bvalue = 3000 s/mm2.
Initially the resolution of the diffusion data was 0.75 mm in plane with slice thickness of 3 mm,
however for the purpose of tractography it was resampled to 2 mm isotropic.

4.4.3 Visual Stimulation for pRF mapping

The stimuli for all functional magnetic resonance imaging (fMRI) were displayed through liquid
crystal goggles (VisuaStim XGA Resonance Technology at a resolution of 800 × 600 voxels,
subtending 30×22.5 at an apparent distance of 1.5 m, with mean luminance of 30 cd/m2).
We performed scans in four different sessions in order to construct pRF maps. Meridian and ring
stimuli were presented binocularly. They were defined as apertures of a mid-level gray mask that
uncovered a checkerboard pattern, rotating and contracting at a rate of one check per second.
Meridians were defined by two 45° wedges centered around 0° or around 90°. The horizontal and
vertical meridian were presented interchangeably for 4 TRs each (without blanks) and the sequence
was repeated 6 times for a total of 40 TRs. Additionally, in two separate sessions with the same 45°
wedge presented in eight slices covering 360 visual field. Each wedge lasted about 12 TRs, along
with a blank after four consecutive wedges. This repeated twice yielded 160 TRs in total. Rings
partitioned screen space into three contiguous eccentricity bands (0.5° to 1.5°, 1.5° to 6° and 6° to
20°). In one run, the three selected rings and one blank were presented for 4 TRs each, with a total
of 80 TRs. Stimuli were generated using Psychtoolbox [192] with MATLAB (www.mathworks.com).
Eye movements were measured during each scanning session (with Resonance Technology infra-red
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camera and Arlington Research software). No breaks of fixation observed, other than small saccades
less than 1 deg.

4.4.4 Preprocessing & analysis of functional data

Data were analyzed by BrainVoyager QX (Version 20.2, Brain Innovation, Maastricht, Netherlands)
and MATLAB (MathWorks, MA). Prior to statistical analysis, functional data underwent preprocessing steps including 3-D motion correction, linear trend removal and high pass filtering. Slice
scan time correction was performed for functional data. Functional data were co-registered on the 3D
anatomical T1-weighted images by using a gradient-based affine alignment with the standard
BrainVoyager nine parameter algorithm.
BOLD responses were analyzed using Brain Voyager QX (version 1.9, Brain Innovation). Functional
data were temporally interpolated and re-sampled to compensate for systematic slice-dependent time
differences. Odd even slice intensity differences resulting from the interleaved acquisitions were
eliminated. The overall image intensity was normalized within scans to a standard value to
compensate for inter-scan intensity differences. The data were realigned to the first volume of each
scan, using a six- degree-of-freedom rigid body affine transformation to compensate head motion
during the scan. The data were spatially resampled to a cubic voxel with a linear size of 1.0 mm and
analyzed using a General linear model in which the BOLD time series was modeled by convolving
the duration of the stimulus with an assume hemodynamic response function.

4.4.5 Population receptive field mapping

We use in-built BrainVoyager QX (v.20.2) routines for pRF estimation which uses the twodimensional Gaussian pRF model [53].
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Where x and y define the center of the pRF in the visual field and σ the radius. The visual field is
defined as 40 degrees on either side of the center of the visual field in the horizontal (x) dimension
and 28 degrees on either side along the vertical (y) dimension. The range of pRF sizes is 0.2-7 degrees,
in 30 equal steps. Subsequently, the visual field is divided into a 30 by 30 grid. For each TR, we use
the corresponding binarized stimulus frame (stimulated area is white; background is black)
irrespective of stimulus carrier and create a binarized version stimulus movie. The number of frames
in the movie corresponds to the total number of volumes used, equal to 360. A positive response is
predicted whenever a stimulus falls on a pRF and the prediction is convolved with the hemodynamic
response function (HRF). The best model fit for each voxel is obtained by finding values that
maximized the correlation between the predicted and the actual BOLD response.

4.4.6 Preprocessing & analysis of diffusion data

Anatomy was firstly corrected for inhomogeneity using BrainVoyager and further aligned to AC-PC
plane using mrVista software (https://github.com/vistalab/vistasoft). We created a white matter mask
(the process consisted mostly of manual segmentation) which was visually inspected and corrected
in order to obtain an accurate white/gray matter boundary.
Mean b0 image was registered to T1-weighted anatomy allowing to create a full ‘dt6’ dataset with
vistasoft (https://github.com/vistalab/vistasoft) that included diffusion data, b values, b vectors, a T1image and diffusion metrics. Diffusion tensor was estimated using Constrained Spherical
Deconvolution (CSD) model [218] with maximum harmonic order lmax (varying between
connectivity estimates) using mrTrix 0.2 [219].
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Regions included in the tractography experiment were extracted from functional maps obtained from
the analysis with BrainVoyager QX . Definition of the boundaries was either based on pRF mapping,
GLM estimates or anatomical landmarks. We included following ROIs: Optic Chiasm, left superior
colliculus, right superior colliculus, left hMT+, right hMT+, left V1 and right V1.

4.4.7 Tractography

For each pair of ROIs located in the same hemisphere we estimated possible white matter tracts that
represent the anatomical connections between them. Tractography was constrained by the white
matter mask and a union mask of two ROIs was used as a seed. For each pair, we included only the
fibers that traverse through both ROIs. Tractography was performed using mrTrix software and the
streamtrack command. For each set of ROIs the algorithm discovered a maximum of 10000 fibers
with 1000000 trials. To improve the accuracy of our results we used ensemble tractography [221],
which performs the same tracking procedure but changes the lmax value. We used four different lmax
values lmax = [2 4 6 8] and merged the obtained fibers in our final fiber bundles.
We used a similar procedure as described above to estimate the connectome for optic chiasm. After
placing a seed in the optic chiasm, we asked the algorithm to reveal all possible connections with the
rest of the brain instead of limiting it to a specific end ROI. We also performed tractography with
different lmax values and merged the results into one fiber bundle.
Obtained tracts were validated with LiFE software [222, 223]. The algorithm predicts the diffusion
signal using the orientation of the fascicles present in obtained connections and compare it to the
acquired MR data. The difference between the two is used to calculate prediction error. For each
voxel, a weight is assigned that describes how each fascicle contributes towards predicting the
diffusion model, with 0 signifying maximum error and 1 no error. Fascicles with zero-weights were
discarded from the analysis. This procedure was applied to all tracts
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5 General Conclusions

Population receptive field technique has been widely used in vision research. It proved to be crucial
in exploring the visual cortex and understanding how the visual system functions. A noninvasive
method that can precisely model neuronal activity and reveal the properties of visual neurons
revolutionized vision research and allowed extensive studies of healthy brains but also pathological
conditions affecting human sight. The pRF technique extracts additional information from the fMRI
time series in comparison to standard methods. The model allows to associate properties like
preference for numerosity, color and auditory bandwidth not only in primary visual cortices but also
in other brain areas. Fitting the pRF model results in quantitative maps that could be compared
between sessions or instruments, with intersession model estimates being very accurate and replicable
among subjects [246]. This opens a possibility for solid and detailed comparison of obtained maps
and may extend studies that compare the effect of different types of training on visually impaired
patients (as in [247] with visual fMRI BOLD signal), similar to the deprivation effect and SF
estimates in the first study. High accuracy and repeatability of the pRF estimates led to the creation
of an average atlas of retinotopic data [196] that could be used to extract mean measures or
transformed in the native subject space in absence of retinotopic data. The technique has been widely
used in clinical populations and it facilitated the study the reorganization of the human brain after
lesions [40], define the maps in human achiasma [248] and reveal the reorganization of the visual
cortex in FHONDA syndrome [249].

Following the hypotheses defined in the introduction, pRF mapping was used to address various
scientific questions. We have explored and examined the retinotopic organization of the healthy and
pathological brain and used a modified version of a pRF approach to demonstrate that the human
adult visual cortex retains a high potential for plasticity. The studies were extended by combining the
pRF mapping with structural studies based on tractography.
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In the first study we further investigated recent evidence suggesting that a form of homeostatic
plasticity can be observed in adults; specifically, short-term monocular deprivation leads to a transient
boost of responses to the deprived eye [102, 108] – opposite to the effect of monocular deprivation
during the critical period. The neural basis of this phenomenon was explored, by using ultra-high
field fMRI to measure the key functional properties of adult human V1 before and after short term
monocular deprivation. We measured visual cortical responses to full-field white noise images
varying in spatial frequency (SF) and assessed the SF tuning in V1 using a modified pRF approach.
Our results imply that the human adult visual cortex preserves homeostatic plasticity after the closure
of “critical period”. This finding is an important milestone in understanding the mechanisms
underlying this form of plasticity, which may in the future be exploited in rehabilitation approaches,
such treatment of amblyopia in adults.
More information could be extracted by looking at the Ocular Dominance Columns (ODC) in the
human visual cortex. Plasticity of ODC pattern could further explain the regulatory mechanism
responsible for the change of dominance described in our study. It has been reported that ultra highfield fMRI allows the discovery of ODC [122, 250, 251] but, due to their puzzling anatomical
location and very complicated acquisition [121], has not been yet standardized and easily replicated
among subjects.

In the second study, combining different sets of retinotopic stimuli and a specially designed optic
fiber system allowed us to estimate retinotopic maps of visual cortical areas extending over a wide
visual field. This led to a discovery of a new visual area, named area prostriata after its homologue in
the primate visual system, located at the fundus of calcarine sulcus. Previous studies that used
peripheral stimuli have also reported activity in the location of prostriata [177, 252], but never
investigated it further. PRF modelling allowed us to validate the existence of a new area and estimate
its full field representation in terms of eccentricity and polar angle, clearly distinct from the adjacent
area V1. For the first time, the functional properties of this area were described, showing that it
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preferentially responds to very fast motion, greater than 500 deg/sec. The functional properties of
area prostriata suggest that it may serve to alert the brain quickly to fast visual events, particularly in
the peripheral visual field.

The high spontaneous activity of neurons in area prostriata in the marmoset monkey, as well as the
short latencies to visual stimulation [169], suggest a direct thalamic input which led to the third study
where we investigated the structural connectivity patterns of area prostriata, specifically its
connections with the visual thalamus. The anatomical pattern of white-matter connections was
reported, connecting area prostriata and the lateral geniculate nucleus (LGN). A continuous plexus of
white matter fibers was observed, which can be subdivided into two sub-components comprising a
white matter bundle passing ventrally and another traversing dorsally through locations intersecting
the path of the Inferior Fronto-occipital fasciculus (IFOF). These two components demonstrate an
anatomical pattern akin but converse to that of the optic radiation. The Optic Radiation (OR) can be
subdivided into the peripheral and foveal loops travelling more medially and laterally, respectively.
Our results demonstrate that the connections between LGN and prostriata show a similar pattern of
anatomical organization to the OR. A loop travelling more superiorly and anteriorly connects the
LGN and the foveal prostriata visual field locations. A loop travelling more inferiorly and posteriorly
connects the LGN and the more peripheral visual field location within prostriata. Our contribution is
two-fold, first we reported the connections between LGN and prostriata, second, we demonstrated a
general pattern of anatomical organization of prostriata. The similarity of the anatomical pattern in
connectivity between the primary visual cortex and the prostriata put forth the hypothesis that the
prostriata might function also as primary input structure from the thalamus.

In the fourth study, we looked at the reorganization of the human brain due to a lesion in the left
visual cortex and ipsilateral microphthalmia. PRF mapping in the affected hemisphere revealed a full
field representation in terms of eccentricity and polar angle. Signals emerging from both hemispheres
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resulted in satisfactory explained variance proving good response to visual stimuli in both
hemispheres. To check possible pathways of the transfer of visual information in the absence of optic
chiasm connections, tractography between several visual areas was performed. As a result, we report
on a possible pathway that could deliver sensory signals to the primary visual cortex in the affected
hemisphere and suggest possible mechanisms for information transfer.

Processing of retinotopic pRF data requires many complicated and prone-to-error steps. By far the
biggest challenge of the analysis pipeline is the precise registration of the functional images to the
corresponding anatomy. This problem evolves as we start increasing the resolution of acquired data.
With sub-millimeter acquisition, it is not always feasible to acquire the whole representation of the
brain, due to scanner limitations and therefore the functional image is limited to a certain field of
view. This introduces errors while using automated image registration algorithms and often requires
a lot of manual alignment. Another important aspect of using this method is the accurate correction
of brain segmentation. As the reconstruction of the cortical surface directly depends on the quality of
segmentation, this is a crucial step for the accuracy and creditability of data projection and
interpretation. The need of high quality segmentation lead to the development of new MR sequences
that improve the overall quality of the reference image [253], development of more sophisticated
software [254] which significantly reduced the manual effort.

Curiosity for studying the visual cortex in finer detail accompanied by the evolution of highresolution fMRI allowed to examine pRF profiles in the cortical depth of grey matter. Several research
groups revealed the variation of visual BOLD signal and pRF estimates between the layers of visual
cortex [255-257]. Due to the vascular organization of the cortex, the BOLD signal is sensitive to
cortical depth [258] and cannot be directly compared across the laminae. Using a model driven
approach like pRF, resolves the problem as the variance fitting is immune to the variation of
amplitude.
98

There are many modalities to study the human visual brain, for example: electroencephalography
(EEG) that allow high temporal but low spatial resolution or magnetoencephalography (MEG) with
improved spatial resolution however suffering from low stability and high costs or psychophysical
experiments that benefit from simplicity of data acquisition but do not give much insight in the
localization of physiological processes. Although fMRI does not solve all of the mentioned problems,
it has been successfully used to study the visual system and significantly contributed to understanding
the visual cortex. Functional MRI grants the possibility of detecting changes in visual BOLD and
accurately locating their origin. Although BOLD signal changes are not directly related to activity of
neurons, acquiring MR images with satisfactory temporal and spatial resolution allow to consider it
as such. All work presented in this thesis shows how important the pRF technique is for studying the
visual cortex with fMRI. Introducing such a method in vision research enabled better quantification
of neuronal responses to visual stimuli and marked an important step in understanding the brain as
computational unit.
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