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Abstract: Impairment of the 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 in most of the left geniculostriate pathway, including the Lateral Geniculate Nucleus (LGN).
Despite the severe lesions, the patient has a very narrow scotoma in the peripheral part of the lower-
right-hemifield only (beyond 15° of eccentricity) and complete visual field representation in the
primary visual cortex. Population receptive field mapping (pRF) of the patient’s visual field reveals
orderly eccentricity maps together with contralateral activation in both hemispheres. With diffusion
tractography, we revealed connections between superior colliculus (SC) and cortical structures in the
hemisphere affected by the lesions, which could mediate the retinotopic reorganization at the cortical
level. Our results indicate an astonishing case for the flexibility of the developing retinotopic maps
where the contralateral thalamus receives fibers from both the nasal and temporal retinae.

Keywords: microphthalmia; visual plasticity; population receptive field mapping; BOLD retinotopy;
tractography of visual pathways

1. Introduction

Retinotopic representations of the visual field are a principal feature of the visual
system, which is the outcome of the delicate interplay between preprogrammed and
experience-dependent mechanisms during early development [1,2]. The connections be-
tween the sensory organs and the brain are critical in preserving topographic maps. The
decussation of the optic nerve at Optic chiasm (OC) is essential in achieving the contralat-
eral representation of the visual field in each hemisphere; however, this can be altered in
many pathologies [3] such as albinism [4,5] or FHONDA syndrome [6].

These pathologies have genetic origin and can induce alteration in the development
of the visual pathway during very early embryonic stage. However, congenital lesions
have also demonstrated the induction of miss-crossing of the optic tract, specifically when
the lesion takes place before the time the retinal ganglion cell axons reach the OC (about
48 days of gestation). The age at which the lesion is acquired (during embryonic, peri-
natal, or post-natal phases) is a crucial factor in determining the degree of rerouting and
reorganization of the developing visual pathways and visual function [7].

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 in complete blindness [7-9]. There is still a lack of unequivocal account for the
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mechanism of the subsequent reorganization in the adult visual system [10], but the
reorganization of cortical damage at an early age is well documented.

A large study of subjects with occipital cortical 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 [11].
Comparably, the recovery of visual capabilities was greater in patients who underwent
hemispherectomy at the age of 7 years as compared to cases where the surgery occurred later
in life [12]. In clinical cases, where the cortical damage is prenatal or in early infancy, the
developing visual system can display a considerable degree of adaptive plasticity, even sev-
eral years after the occurrence of a lesion during childhood [13]. Similarly, Werth (2006) [14]
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, confirming previous
evidence of functional responses in the blind field of hemispherectomy infants [15].

A large literature documents a great re-routing of visual pathways, as well as in
somatosensory and motor pathways, but only in the presence of congenital damage [16,17].
Muckli et al. [18] reported visual field maps for an individual who lost large parts of the
right hemisphere, including the LGN and optic nerve, during embryonic development.
This condition was also associated with microphthalmia of the right eye. They found that
the left optic nerve projects entirely ipsilateral to the left hemisphere [18]. This resulted in
bilateral visual field maps with an interlaced cortical retinotopy.

In the present study, we measured the residual perceptual capacities of a 12-year-old
girl IB with a congenital and extensive brain lesion in the left hemisphere along with a
microphthalmos left eye. Microphthalmia is a rare condition (combined birth prevalence:
up to 30 per 100,000 cases; [19]) that is associated with an absence and reduction of eye
size in the orbit, with normal adnexal elements and eyelids usually present. In severe
monocular microphthalmia, the lateralization of the optic nerve projections of the fellow
eye was reported to be normal [20,21]. However, in the case of Patient IB, the contralateral
LGN (left) is missing, and the thalamic projections from the fellow eye (right eye) need to
be re-organized.

Despite lacking inputs to the affected side of the striate cortex, IB has surprisingly
sparse scotoma, suggesting the occurrence of a dramatic reorganization of visual pathways.
To understand her good visual capabilities, we measured the contrast sensitivity and
retinotopic organization of the patient along with white matter tractography. We revealed
a profound rerouting of the visual information necessary to achieve a normal cortical
retinotopic representation in the primary visual cortex.

2. Results
2.1. Behavioral Results

The 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 microphtalmia; hence, it
cannot detect any light. The right eye was tested for 283 different locations, covering the
full field of view of 120 x 120 degrees. The central fixation was monitored throughout the
session while presenting light targets of varied luminance. The visual field of Patient IB
(Figure 5D) is largely spared and clearly covers the contra-lesioned visual field (right), with
a very sparse scotoma in the lower right visual field only, after 15° of eccentricity.

In addition, the contrast sensitivity measured with two different tasks (motion dis-
crimination and orientation discrimination) for Patient IB is comparable to those obtained
with two age-matched controls (see methods for details). Patient IB had thresholds for
motion discrimination (Figure 1A) and orientation discrimination (Figure 1B) at 10° of
eccentricity around 9% contrast, while the threshold was around 2% for two age-matched
controls (C1 and C2 threshold). Then, we further tested for orientation discrimination at
24° and 36° of horizontal eccentricity (Figure 1C,D). Patient IB had thresholds 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
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performed above chance in all the eccentricities for high-contrast stimuli. This remarkably
good visibility contrasts with the massive damage in the thalamic visual pathways and
hints at the possibility of some compensatory mechanisms in action to compensate for the
absence of direct optic radiation innervating V1 in the lesioned hemisphere.
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Figure 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-D) Contrast sensitivity for orientation discrimination at 10°, 24°, and 36° of horizontal
eccentricity, respectively.

2.2. PRF Mapping Reveals a Retinotopic Map of the Visual Cortex

To assess the retinotopic organization of the visual cortex, we employed the model-
driven approach of pRF mapping. Since the behavioral results showed that patient IB has
only a sparse and diffuse scotoma in the lower right visual field and intact early visual
cortex in both hemispheres, we hypothesized an orderly organized retinotopic map. In both
hemispheres, we find a good fit of the retinotopic model (Figure 2A) with the central visual
field represented close to the occipital pole and peripheral visual field represented anterior
from the occipital lobe (Figure 2B). The eccentricity map extends to locations up to the POS,
revealing a good fit of the pRF maps that possibly include the peripheral area prostriata [22].
We also find that each hemisphere processes the information from the contralateral visual
field (Figure 2C). Our findings show that the retinotopic organization of IB’s visual cortex
is similar to that found in healthy subjects [23]. However, this does not reveal the origin of
the signal, as the thalamus in the affected hemisphere is entirely missing.
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Figure 2. Visual cortex of patient IB is retinotopically organized. (A) Map of variance explained
estimated from pRF mapping. The higher the value, the more confident the estimation of the
PRE. (B) Eccentricity map shows an orderly representation of the visual field in both hemispheres.
(C) Preference of visual field location along the x-axis. Each hemisphere processes the information
from the contralateral visual field. All maps are masked with the variance-explained threshold
of 15%.

2.3. Reorganization of Responses in the Thalamus

In normal subjects, the major input to V1 is from LGN via optic radiation that carries
information from the contralateral visual field. However, due to the lesion of the thalamus
and of the optic radiation in the left hemisphere, the right thalamus might be involved in
processing the ipsilateral visual field inputs. Contrasting all wedge stimuli versus blank,
we locate a reliable response within the intact thalamus (Figure 3A; outlined in dashed
white and black line). Figure 3A shows that the both the LGN and the pulvinar respond
well to stimuli centered in the eight visual field locations (three wedges located in the left,
three located in the right hemifield, and two located at the cardinal meridians), suggesting
that they represent both the ipsi-lateral and the contra-lateral visual field signal. Both ROIs
were taken from a recently released atlas of the thalamic nuclei [24] and projected on the
right hemisphere of IB. Finally, pRF maps revealed an organized retinotopic map in the
activated thalamic region with an ipsilateral visual field preference (Figure 3B). Note that
both the GLM and pRF mapping vary in methodological approach, yet they both point to
the same subcortical region. In patient IB, it is challenging to anatomically segregate the
pulvinar from LGN due to the difficulty in estimating the impact of the deformation of the
lesioned hemisphere on the intact hemisphere. Given the more medial localization of the
activity and that foveal-peripheral retinotopic map is similar to previous reports [25], it is
mostly likely that the foci in Figure 3B is part of visual pulvinar.
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Figure 3. GLM results in right thalamus. (A) Variance explained by the GLM (all wedges vs. blank)
plotted on one slice of the anatomical brain. Black and white contours plot the LGN and pulvinar
extracted from the atlas. The inset shows responses to each of the wedges extracted from both ROIs.
(B) pRF mapping of the thalamus showing the eccentricity and visual field preference maps. pRF
maps are thresholded with the variance-explained threshold of 15%.

2.4. Visual White Matter Bundles in Patient IB

In the previous paragraph, we show that the thalamus in the intact hemisphere
responds to both the ipsi-lateral and contra-lateral visual fields. The retinotopic information
of the ipsi-lesional visual field might reach V1 in the lesioned hemisphere through the
thalamus (considering its full field representation), crossing at the callosal level. Another
possibility is that the signal reaches V1 in the lesioned hemisphere directly from the OC
and SC. These questions cannot be answered with functional data and need a structural
assessment of the white matter. To address these questions, we used diffusion tractography,
which allows the mapping of white matter connections between the brain regions. First,
we found that OC is connected with V1 only in the intact hemisphere, and this connection
is missing in the lesioned hemisphere (Figure 4A). Second, we found a connection between
the SC in the lesioned hemisphere (the SC is spared in the lesioned hemisphere) and hMT+
that extends to V1 (Figure 4B,C). Third, we assessed connectivity in the healthy hemisphere
and found strong connections between the thalamus and V1, thalamus and hMT+, and
V1 with hMT+ (Figure 4B,C). Note that the thalamic ROI includes both the LGN and
the pulvinar, as labeled in Figure 3A. In principle, the more dorsal track to hMT+ may
originate from the pulvinar, but we do not have the resolution to distinguish between these
two alternatives.

Overall, these results show that retinotopic signal from the contralateral lesioned
visual field does reach V1 through a reorganization of the thalamus and tectum in the
intact hemisphere. A possible pathway may be the retina, thalamus, and SC of the intact
hemisphere that crosses the information to the lesioned SC and finally projects to V1 of the
lesioned hemisphere directly or through hMT+.
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Figure 4. Diffusion tractography in patient IB. (A) OC connects with V1 only in the intact hemisphere.
(B,C) Importantly, a connection between the SC and hMT+ that extends to V1 is found in the
lesioned hemisphere. Visual white matter bundles in the intact and healthy hemisphere shown in the
coronal (B) and axial (C) views. Rh and lh indicate the location of the ROI in the right or in the left
hemisphere respectively.

3. Methods
3.1. Clinical Description

Subject IB is a 12-year-old girl. She was born with a very extensive congenital brain
lesion involving half of the left cortical hemisphere (parietal and occipital cortex and
partially optic radiations and large portion of the thalamus; Figure 5A-C show a T1-
weighted MRI image of the patient after the surgery performed at age 11). She also has
microphthalmia and retinal detachment in her left eye, causing the complete loss of vision.
During the first year after birth, she had epileptic seizures, which needed medication. IB
also has a right hemiplegia involving particularly the upper limb. She is also slow in
completing visuo-motor tasks.

IB’s cognitive level, assessed by WISC-IV, was in the range of mild disability (QIT
66) with borderline performance in verbal comprehension (Index 82). While a specific
expressive-receptive language disorder is still present, she is now able to read and write.
IB’s perceptual reasoning index was 78, processing speed index was 65, and working
memory index was 60.

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 x 120°of the visual field, showing a reduced sensitivity only in
the periphery of the lower-right hemifield (beyond 15° of eccentricity). The perimetry test
used the normal sensitivity curve evaluated in the preliminary phase of the test, with the
background luminance of 31.5 Asb, and targets of 3 different luminance levels, respectively
67 Asb (17 dB), 215 Asb (12 dB), and 3400 Asb (0 dB).

OKN was elicited with black and white stripes moving temporally-to-nasally (TN)
or nasally-to-temporally (NT) at velocities of 15, 30, 45, and 60°/s. A strong asymme-
try of optokinetic responses favoring the direction toward the hemianoptic visual field
was present.
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Figure 5. Structural T1-weighted MRI scan and visual field mapping of Patient IB. Sections showing
the absence of LGN and optic radiations in the left hemisphere are displayed in (A) transverse,
(B) sagittal (A-Anterior, P- Posterior), and (C) coronal planes (R- Right, L- Left). (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. Open squares report successful
detection at 15 and 17 dBs luminance levels; filled squares show an absence of detection at 0 dBs.

3.2. Psychophysical Tests

The contrast sensitivity of IB and two age-matched controls were psychophysically
tested. Stimuli for all the psychophysical tests were generated by MATLAB R2019b Avail-
able online: www.mathworks.com, (accessed on 4 January 2021) [26] and presented with a
refresh rate of 120 Hz on a Pioneer color plasma monitor subtending 80° x 60° at a viewing
distance of 57 cm. Stimuli were presented on a gray background. Subject IB was instructed
to keep fixation on a central red disk (0.5°). Eye movements were recorded throughout the
sessions.

Contrast sensitivity for motion was measured with sinusoidal gratings (1 cpd) that
drifted at a temporal frequency of 4 Hz, were framed in a circular aperture of 4°, and
presented for 200 ms on either side of the visual field at a horizontal eccentricity of 10°.
IB was asked to indicate (verbally) the gratings motion direction (either left or right). The
proportion of correct response as a function of grating contrast was fitted by psychometric
curves to evaluate the contrast threshold (75% of correct responses). Contrast threshold
for static stimuli was also tested by an orientation discrimination task. The grating stimuli
parameters were identical to those used for the motion task, but here, they were static
and had varied orientation in +45° angle. The subject indicated (verbally) the perceived
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orientation. Three different horizontal eccentricities were tested in separate sessions (10°,
24°, and 36°).

3.3. Imaging Methods
3.3.1. Data Acquisition

Imaging data were acquired on a GE 1.5 T HD Neuro-optimized System (General
Electric Medical Systems, Wauwatosa, WI, USA) fitted with 40 mT/m high-speed gradients.
The session consisted of one structural and six functional sessions. A whole-brain fast
spoiled gradient recalled acquisition in the steady-state T1-weighted series (FSPGR) was
collected in the axial plane with TR 10.2 ms, TE 2.4 ms, inversion time (T1) 700 m s, flip
angle 144 10°, yielding 134 continuous 1 mm axial slices with an in-plane resolution of
0.75 mm.

Functional data were acquired with a single-shot gradient-echo, echo planar imaging
(EPI) sequence. The acquisition parameters were as follows: 38 axial slices of 3 mm
thickness, 64 x 64 matrix, 3 X 3 mm in-plane resolution, 50 m sec echo time (TE), 3000 m sec
repetition time (TR), 90° flip angle. The first four volumes of each session were discarded
to allow stabilization of the BOLD signal. The coverage included supra-tentorial structures
and most of the cerebellum.

Diffusion data were acquired during the same visit. It consisted of a dataset with
b0 image acquired in the beginning of the sequence and 60 equally distributed diffusion
directions with bvalue = 3000 s/mm?. Initially, the resolution of the diffusion data was
0.75 mm in plane with a slice thickness of 3 mm; however, for the purpose of tractography,
it was resampled to 2 mm? isotropic.

3.3.2. 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 x 600 voxels, subtending 30° x 22.5° at an apparent distance of 1.5 m, with mean
luminance of 30 cd/m?).

We performed scans in four different sessions in order to construct pRF maps. 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. The first session consisted of apertures defined by two 45° wedges centered
around 0° or around 90° (we further refer to it as the meridian session). 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, we acquired
two separate sessions with the same 45° wedge presented in eight slices covering a 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. The last session consisted of rings
that partitioned the 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 [26] using
MATLAB. Eye movements were measured during each scanning session (with Resonance
Technology infra-red camera and Arlington Research software, Wilsonville, OR, USA). No
breaks of fixation were observed other than small saccades less than 1°.

3.4. Functional Data Analysis

Prior to statistical analysis, functional data underwent pre-processing steps including
slice time correction (AFNI’s 3dTshift) and 3D motion correction (AFNI’s. 3dvolreg [27]);
Functional data were co-registered to the 3D anatomical T1-weighted image by using
Pearson’s correlation with the standard 6 degrees of freedom approach using AFNI’s
3dAllineate [28]. BOLD responses were analyzed using GLMdenoise [29] after the align-
ment to the anatomical space. A General Linear Model (GLM) was performed as follows.
Predicted BOLD time series were modeled by convolving the stimulus onset with a hemo-



Int. J. Mol. Sci. 2022, 23, 1055

9of 14

dynamic response function that was optimized as a part of GLMdenoise functionality.
Finally, to estimate the beta weights, we solved the linear model for each BOLD time course.
The design matrix included predicted time series and modeled noise achieved through
GLMdenoise functionality.

3.4.1. pRF Mapping

We used vistasoft. Available online: https://vistalab.stanford.edu/software/ (ac-
cessed on 26 November 2021) for pRF estimation, which uses the two-dimensional Gaussian
pRF model of Doumulin et al. [30].

—( (x—20)%+(y—yo)? )

glxy)=e 22

where x and y define the center of the pRF in the visual field and ¢ is the radius. To estimate
the pRF model, we included all retinotopic acquisitions (2 runs of wedges, 1 run of rings,
and 1 run of meridians). To find the best fitted 2D Gaussian (parametrized at each voxel),
we first created a predicted time-series by multiplying the 2D Gaussian by the stimulus
aperture and convolving with an HRFE. The HRF describes the difference of two gamma
functions and was previously used to successfully predict the retinotopic maps [30-35].
For each voxel, we found the best fitted (estimated by variance explained) predicted time
course and saved the x, y, and ¢ of the 2D Gaussian that was used to model it. Using
these coordinates, for each voxel, we calculated the eccentricity and estimated the visual
field preference.

3.4.2. Analysis of Diffusion Data

Diffusion data were preprocessed and analyzed using vistasoft. Available online:
https:/ /vistalab.stanford.edu/software/ (accessed on 26 November 2021). Mean b0 image
was registered to T1-weighted anatomy allowing for the creation of a full “dt6’ dataset that
included diffusion data, b values, b vectors, a T1-image and diffusion metrics. A diffusion
tensor was estimated using the Constrained Spherical Deconvolution (CSD) model [36]
with maximum harmonic order (Imax) estimated by mrTrix 0.2 [37].

Regions of interest (ROIs) included in the tractography experiment were extracted
from functional maps. Definition of the boundaries was either based on pRF mapping
(V1), GLM estimates (human middle temporal complex hMT+), anatomical landmarks
(OC, SC), or an atlas (right thalamus; Pulvinar + LGN). We included the following ROlIs:
OC, left superior colliculus, right SC, left h(MT+, right hMT+, left V1, right V1, and right
Pulvinar + LGN.

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 both ROIs. Tractography was
performed using mrTrix software and the streamtrack command. For each set of ROls, the
algorithm discovered a maximum of 10,000 fibers with 1,000,000 trials. To improve the
accuracy of our results, we used ensemble tractography [38], which performs the same
tracking procedure but changes the Imax value and the minimum curvature value. We
used four different Imax values I = [4 6 8] and five curvature values ¢ = [0.25 0.5 1 2 4].
Finally, the obtained fibers were merged into one final fiber bundle.

Obtained tracts were validated with LiFE software [39,40].The algorithm predicts the
diffusion signal using the orientation of the fascicles present in obtained connections and
compares 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 toward predicting the diffusion model, with 0 signifying maximum error and
1 signifying no error. Fascicles with zero-weights were discarded from the analysis. This
procedure was applied to all tracts.
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3.4.3. Mapping the Pulvinar and LGN ROIs from an Atlas

Pulvinar and LGN ROIs in the intact hemisphere were mapped from the MNI atlas
created as a part of the Natural Scenes Dataset [24]. To do that, we used a non-linear
warping technique implemented in ANTs [41]. IB’s anatomical T1-weighted image was
aligned to a standard anatomical template, the MNI atlas, using ANTs [42,43]. After finding
the necessary transformation matrix and warp-field, we used its reverse form to map the
ROIs to IB’s anatomical space.

4. Discussion

Despite missing the left eye (microphthalmos eye) and a massive lesion in the left
hemisphere, which consists of a complete lack of thalamo-cortical connections of the left
hemisphere, Patient IB shows 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 higher eccentricities, target detection
was slightly and sparsely impaired only in the lower right visual field. Such a distortion
is consistent with the observed difference between contrast thresholds for orientation
discrimination.

Our data indicate that the cortical reorganization in patient IB mediates residual
contrast analysis to serve not only for the basic detection but also to discriminate between
the stimulus properties such as motion and orientation. The retinotopic representation of
the central full field in contralateral hemispheres supports the existence of normal residual
vision in Patient IB.

This raises several questions: What neural pathway mediates vision in the lesioned
hemisphere? Where is the input to the left V1 coming from? All the visual information
received from the right eye does not cross over to the left side through OC, as shown by our
tractography results (Figure 4A). However, our data show reorganization of the thalamus
in the intact hemisphere, given that it responds well to both the ipsi- and contra- lateral
visual field.

Abnormal innervation of the optic track has been observed in many pathologies,
such as albinism, congenital achiasma, microphthalmia, and more recently, FHONDA
patients [6,44,45]. In all these pathologies, the fibers have an atypical decussation at
chiasma, resulting in LGN and cortex receiving information from the entire visual field.
However, in all these pathologies, the re-routing of visual pathways is very different from
that which we observed in IB and other congenital lesion patients [18,22].

Only in the light of tractography results is it possible to hypothesize the putative
input pathway associated with the right visual field. Primate studies suggest that the SC
is a subcortical relay of retinal information to extrastriate visual cortex. Ascending SC
projections pass through pulvinar and LGN on their way to cortex [46].

In both hemispheres, we find surprisingly good mapping of areas in the far peripheral
visual field, possibly including the area prostriata. Previously, it was reported that mapping
the area prostriata (located at the fundus of calcarine sulcus) requires retinotopic data
that extends to 60 degrees of periphery [22]. Here, we obtain good fits with stimulus that
extends only to 20 deg. Strong and reliable responses in the area prostriata might suggest
that it could play a role in IB’s cortical organization especially with its connections being
retinotopically organized [47].

The pulvinar/LGN to hMT+ tract in the intact hemisphere survives the strict analysis
method that we implemented for tractography. We know from the literature that this tract
is prominent at birth and is heavily pruned during development to practically disappear in
adulthood [48-52]. It is possible that this tract might be involved in transferring some left
visual field information to the intact hemisphere.

In human infants, a complex network of higher visual associative areas is still not well
established by 7 weeks of age [53]. In the absence of direct optic radiation innervating
to V1 in damaged hemisphere, the feed-forward connections from V1 to hMT+ may be
abnormal. This could lead to the strengthening of this extrastriate visual pathway in
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patients [8].Studies on blind-sight subjects corroborate this assumption [48]. Blindsight
patients are characteristically unaware of stimuli presented in the scotoma, but they can
perform above chance level in forced-choice tasks, even though there is damage in the
corresponding V1 locations [7,8,54]. Blindsight patients show a clear capacity of processing
‘dorsal’ visual stream properties, such as luminance, contrast, or flicker and motion. This
leads to the idea that a direct projection from subcortical structures to hMT+ might sustain
residual visual functions [8]. In case of a blindsight patient G.Y., whose left V1 is entirely
missing, a strong ipsilateral connection is linking LGN and hMT+ [45]. The direct pathway
connecting the LGN to hMT+ has been recently linked to account for developing blindsight
after a lesion to primary visual cortex in adulthood [8]. In the case of Patient IB, the lesioned
hemisphere seems to have retained a strong connection between SC and hMT+, presumably
bypassing the pulvinar and LGN. This is supported by tractography results showing a
strong SC to hMT+ tract in the lesioned hemisphere. However, while the blindsight patients
of Ajina et al. (2015) [8] showed dense scotomas given the V1 lesions, IB has practically
complete vision with small deficits in contrast threshold. This suggests that as long as
V1 has a proper retinotopic organization, it can mediate good and conscious vision. In
the absence of V1 activity, the awareness or consciousness of the visual stimulus would
be greatly impaired. This result is consistent with the perception of another congenital
patient with complete lesion of optic radiation and a good retinotopic representation of
V1 [22].In this patient, the visual input to V1 is via aberrant pathways involving putative
hMT+; nevertheless, the vision of the patient was nearly complete and always conscious.

It is interesting to compare our results with a case study reported by Muckli et al. [18].
They report a 10-year-old patient (AH) who lacks the entire right cortical hemisphere and
most of her right eye (microphthalmia). The patient’s spared hemisphere has representation
of both the contralateral (right) visual hemifield and the ipsilateral (left) visual hemifield.
They rightfully conclude that the retinal ganglion cells changed their predetermined cross-
ing pattern in the optic chiasm to innervate the ipsilateral LGN. As in our subject IB, LGN
of AH represents both left and right visual field. In the patient of Muckli et al. (2009) [18],
the intact hemisphere contains islands of retinotopic representation of the ipsilateral visual
field, while our patient has a complete and normal representation in both hemispheres. The
lesion in Patient IB is less pronounced, sparing the primary and some associative visual
cortex in the damaged hemisphere. Hence, in 1B, the primary areas can be used to generate
visual maps with rerouted visual information, and this can also occur when the input is
primarily from SC instead of from the thalamus. Both patients show that a very strong
and reliable mechanism can guide axonal growth and innervation, allowing functional
compensation of the anatomical deficit. Clear indication from an animal model with lesions
performed at embryonic age demonstrates that neuronal mapping formation is governed by
the correlation of electric discharge: correlated waves of activity at the retinal level generate
the segregation of eye input at LGN and at the thalamic level generate ordered retinotopic
or somatotopic cortical maps [55-58]. Our study demonstrates that in the pathological
brain, abnormal thalamic projections can be formed to obtain a normal retinotopic map in
the visual cortex, as retinotopic organization is a stringent requirement for a complete and
conscious vision. Surprisingly, to innervate V1, the abnormal connection may connect first
the thalamic nucleus to contralateral SC and then to the extrastriate cortical area hMT+ to
finally reach V1 of the lesioned hemisphere.
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