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INTRODUCTION

Visual field defects (VFDs) are one of the most common consequences observed
after brain injury, especially after a stroke in the posterior cerebral artery territory.
Less frequently, tumors, traumatic brain injury, brain surgery or demyelination can also
determine various visual disabilities, from a decrease in visual acuity to cerebral blindness.
Visual field defects is a factor of bad functional prognosis as it compromises many daily life
activities (e.g., obstacle avoidance, driving, and reading) and therefore the patient’s quality
of life. Spontaneous recovery seems to be limited and restricted to the first 6 months,
with the best chance of improvement at 1 month. The possible mechanisms at work
could be partly due to cortical reorganization in the visual areas (plasticity) and/or partly
to the use of intact alternative visual routes, first identified in animal studies and possibly
underlying the phenomenon of blindsight. Despite processes of early recovery, which is
rarely complete, and learning of compensatory strategies, the patient's autonomy may
still be compromised at more chronic stages. Therefore, various rehabilitation therapies
based on neuroanatomical knowledge have been developed to improve VFDs. These
use eye-movement training techniques (e.g., visual search, saccadic eye movements),
reading training, visual field restitution (the Vision Restoration Therapy, VRT), or perceptual
learning. In this review, we will focus on studies of human adults with acquired
VFDs, which have used different imaging techniques (Positron Emission Tomography,
PET, Diffusion Tensor Imaging, DTI; functional Magnetic Resonance Imaging, fMRI;
Magneto Encephalography, MEG) or neurostimulation techniques (Transcranial Magnetic
Stimulation, TMS; transcranial Direct Current Stimulation, tDCS) to show brain activations
in the course of spontaneous recovery or after specific rehabilitation techniques.

Keywords: visual field defect, plasticity, cortical reorganization, rehabilitation, restoration, neuroimaging studies

12.5% of lesions involved the occipital lobes and 23.2% in asso-

Most studies interested in visual field defects (VFDs) have con-
centrated on the more prevalent ones. Complete homonymous
hemianopia (HH) represents 70-75% of VFDs (Duquette and
Baril, 2009), incomplete hemianopia (e.g., quadrantanopia) 29%
of VFDs (Zhang et al., 2006a), and cerebral blindness—which is
rare because it usually follows bilateral lesions—represents less
than 10% of VEDs given only vascular context (Aldrich et al.,
1987; Brandt et al., 2000; Niimi et al., 2008).

Principal etiologies of HH are strokes in the posterior cerebral
artery territory (PCA), traumatic brain injury (TBI), and tumors
(see Table 1, which displays the different etiologies reported in the
literature and the percentage of associated VFDs).

After a stroke, 45% of the lesions involved the occipital lobes
and 32.2% the optic radiations (Zhang et al., 2006a); after TBI

ciation with a lesion of the optic radiations (Bruce et al., 2006).
Most VFDs occurred after a lesion in the primary visual cortex
(V1) although a lesion in the early extrastriate areas has been
exceptionally reported to give rise to VFDs (e.g., patient with a
lesion in ventral V3 and V4 presenting a right upper homony-
mous quadrantanopia, Slotnick and Moo, 2003; patients with a
lesion in MT+/V5 presenting motion blindness or “akinetopsia’,
Zeki, 1991; Zihl et al., 1991; Vaina et al., 2001).

In France, there have been very few studies on the recovery of
VEDs, or if they exist, they rely on relatively small samples. In the
UK, a recent review reported visual loss in 45-67% of patients in
the acute phase of the stroke, and in the long term for 8-25% of
patients following adjustment for recovery of visual field (Rowe
et al., 2013). Concerning HH, about 90,000 to 120,000 new cases
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Table 1 | Etiologies of HH and bilateral cortical blindness (bilateral CB) reported in the literature.

HH Bilateral CB

PCA stroke N = 904 (Zhang et al., 2006a) 69.6% -

N = 25 (Aldrich et al., 1987) - 32%

N = 332 (Brandt et al., 2000)" 43-74% 5-8%
TBI N =904 (Zhang et al., 2006a) 13.6% -

N =880 (Bruce et al., 2006) 1M1.7% -
Tumors N =904 (Zhang et al., 2006a) 11.3% -
Brain surgery N =904 (Zhang et al., 2006a) 2.4% -
Cardiac surgery N = 25 (Aldrich et al., 1987) - 20%
Demyelination N =904 (Zhang et al., 2006a) 1.4% -
Cerebral angiography N = 25 (Aldrich et al., 1987) - 12%

N, number of patients included in the studies; VFDs are given in percentages in each study; -, not reported in the study.

per year both in the US and in Europe are reported by Sahraie
(2007). Ajina and Kennard (2012) reported 30% of patients at the
acute phase of the stroke (Haerer, 1973) and 8-26% of patients
left with persistent HH (Gray et al., 1989; Gilhotra et al., 2002).
About 6% of patients are left with cerebral blindness at a chronic
stage (Zihl, 2000).

In this review, we will focus on studies in human adults with
acquired VFDs, in which a neuroimaging technique (Positron
Emission Tomography, PET; Diffusion Tensor Imaging, DTL
functional Magnetic Resonance Imaging, fMRI; MagnetoEn-
cephalography, MEG) or a neurostimulation technique (Tran-
scranial Magnetic Stimulation, TMS; transcranial Direct Current
Stimulation, tDCS) has been employed to document brain
changes. We will first present neuroimaging studies document-
ing the changes in the brain in the context of spontaneous
recovery and then other studies documenting the changes in
the brain after the use of a rehabilitation technique. For the
purpose of this review, we only included VFDs in the context
of postgeniculate lesions. Eye diseases or optic nerve patholo-
gies were excluded. Studies in lesioned animals, in children
or employing only perimetries or questionnaires to document
the improvement of VFDs were also not included in this
review.

EARLY SPONTANEOUS RECOVERY

Full spontaneous recovery of VFDs is rare: 5% (Duquette and
Baril, 2009); 10% patients with hemianopia within the first
2 weeks (Gray et al., 1989; Pambakian and Kennard, 1997).
However, many studies have shown that a partial and early
spontaneous recovery may occur after brain injury although its
quickness is still being debated.

Zhang et al. (2006b) have shown that in 254 patients with
hemianopia followed over a 15-year period, 50-60% chances of
recovery occurred at 1 month, 20% at 6 months, whereas no
patient improved after 6 months. Similarly, Perez et al. (2009)
reported that in 101 patients with hemianopia, 40% had spon-
taneous recovery within 3 months though the recovery only con-
cerned a part of the visual field, consistent with other prospective
studies showing improvement only in the peripheral zones of the
lower quadrants (Celebisoy et al., 2011) or limited to 3—7 degrees
of visual angle depending on the extent of sparing in the affected
hemifield (Zihl, 2000).

Recovery seems to be limited to the first 6 months after the
injury and may also depend on the lesion site. Bosley et al.
(1987) showed that the impairment of glucose metabolism in
the striate cortex measured with PET did not change over
time in three patients with HH after a lesion involving V1
whereas it improved over time in two patients with HH after
lesion involving extrastriate areas sparing V1. This improve-
ment in striate metabolism was associated with a recovery
of their VFDs, contrary to the former three patients. Thus
recovery is restrictive in time and in space (Zhang et al,
2006b) because the spontaneous plasticity following V1 damage
may be related to changes in the properties of neural circuits
beyond the lesion and to a decreased inflammation around the
lesion site during the first few weeks after damage (Huxlin,
2008).

Neuroimaging studies have attempted to document the neural
changes during spontaneous early recovery. Raposo et al. (2011)
studied eight patients with an infarct in the posterior cerebral
artery territory presenting VFDs, who were examined within
the first month of the stroke, 1 month later and 3 months
later. Five of eight patients had restricted V1 ventral lesion
and three of eight had V1 ventral and dorsal damage. Patients
underwent a neurological, neuropsychological and ophthalmo-
logical examination, visual behavioral study (conscious color
and motion perception) and fMRI (visual stimuli targeting
motion and color presented separately within each hemifield).
The authors reported that color and motion vision recovery
were complete or subcomplete 1 month after the onset of the
stroke. At the acute phase, there was no ipsilesional V1 acti-
vation for color or motion stimuli, while it appeared in color
perception at follow-up. There was also nonspecific bilateral V4
activation in color task and nonspecific contralesional MT+/V5
activation in motion task. With time, activations in MT+/V5
and V4 bilaterally became more specific and correlated with
performance.

Polonara et al. (2011) reported the case of a 24-year-old
woman with left hemianopia who underwent fMRI and DTI in
the acute phase and 1 month after an ischemic stroke involving

I'This article review reported results from 4 series of PCA stroke leading to
a total of 322 patients. Percentage ranges correspond to the minimal and
maximal percentages of VFDs reported by Brandt et al. (2000).
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the right calcarine cortex. At the acute phase, ipsilesional V1
did not show any activation when peripheral stimulation was
presented in the left hemifield. The mean fractional anisotropy
(FA) measured by DTI in the ipsilesional optic radiations was
reduced compared with the left hemisphere. At 1-month follow-
up, both right and left V1 elicited comparable activations in
response to stimulation in the contralateral hemifield. Mean
FA in the optic radiations was more similar in both hemi-
spheres. Similarly, Yoshida et al. (2006) reported the case of a
68-year-old man presenting right hemianopia after an infarc-
tion of the left extrastriate areas who underwent fMRI and
DTI over the ensuing 12 months. Functional magnetic res-
onance imaging was acquired 2 days, 9 days, 30 days and
1 year after the onset of the stroke. The results showed that
larger areas of left cortical activation were activated progres-
sively and that the asymmetry between the activations of both
hemispheres decreased. Diffusion tensor imaging was acquired
2 days, 9 days and 1 year after the onset of the stroke and a
tractography of the optic radiations was performed. At 2 days
after onset, fiber tracking was completely interrupted in the
left side due to the cortical lesion, whereas 1 year later left
optic radiations could be reconstructed by fiber tracking. The
authors concluded that the initial larger recruitment of cortical
areas in the intact hemisphere decreased with recovery along
with a progressive increasing activation in the lesioned hemi-
sphere.

In summary, spontaneous recovery of VEDs occurs during
the first 6 months following brain damage (mostly due to stroke
and TBI) with a peak in recovery after 1 month. Consistently,
functional brain imaging using PET, fMRI or DTI shows pro-
gressive activation of cortical and subcortical areas with increas-
ing recovery, which correlates with psychophysical performance.
The lesion side may have differential effects on recovery and
prognosis.

RESIDUAL VISION IN THE CHRONIC PHASE

At a more chronic phase after brain injury (usually after 6 months
after the lesion), VFDs become more stable and one can observe
some phenomena of residual vision in the affected visual field.
Studies in monkeys and later in humans have demonstrated
visual function persistence even when the primary visual cor-
tex had been destroyed (Cowey and Stoerig, 1995; Weiskrantz,
2004; Stoerig, 2006). Contrary to anosognosia where patients
are unaware of their deficits (e.g., Anton’s syndrome, for review
see Bisiach and Geminiani, 1991), patients with blindsight are
aware of their deficits but unaware of their intact functions.
For example, patients could perform visual discrimination in
the blind hemifield though they persisted in saying that they
could not see anything. This phenomenon, called “blindsight”,
has been first described in patient DB in whom right primary
visual cortex was removed and the left visual field (LVF) was
defected (Weiskrantz, 1986, 1996). According to Weiskrantz,
blindsight may be defined as “a visual discrimination in the
absence of awareness” and may be separated in two sub-types:
(1) Type I for an unconscious version: patient seemed to be
able to detect visual target aspects without any conscious aware-
ness of the stimulus presented and (2) Type II for a residual

vision accompanied by a level of awareness: patients reported a
feeling that something happened or moved without real visual
experience.

According to the nature of the task performed, a different
classification of blindsight capacities was proposed (Danckert
and Rossetti, 2005). Action-blindsight was used to refer to
patients who were able to localize a stimulus not consciously
perceived in blind field by pointing or making saccades; attention-
blindsight was used to refer to patients who were able to dis-
criminate the direction of motion of a stimulus without action
and who have the feeling that something happened in the
visual field. Finally, ‘Agnosopia’ defined abilities to discriminate
forms or colors without conscious awareness (Zeki and Ffytche,
1998).

Evidence for basic residual visual motion (Barbur et al., 1980;
Weiskrantz, 1986; Schoenfeld et al., 2002; Morland et al., 2004),
shape (Barbur et al., 1993; Stoerig and Cowey, 1997; Goebel et al.,
2001), and color in the blind field (Stoerig, 1987; Barbur et al.,
1998; for a review see Huxlin, 2008) has been reported in the
literature consistently.

More recently, evidence for residual vision has been demon-
strated for non basic visual properties of stimuli such as category
discrimination (patient DB in Trevethan et al., 2007; patient TN
with bilateral CB following two consecutive occipital strokes less
than 2 months interval in Van den Stock et al., 2013) or navigation
skills (patient TN in de Gelder et al., 2008).

Another type of blindsight has been described and has led
to many interesting studies: the affective blindsight, in which
patients are able to process emotional cues presenting in their
blind hemifield (de Gelder et al., 1999). Pegna et al. (2005)
studied patient TN using fMRI and showed that he was able
to guess the valence of the facial expressions (positive/negative)
on photographs presented to him. This ability correlated with
the activity of his right amygdala, consistent with the results of
Morris et al. (2001) and of Tamietto and de Gelder (2008) in
patient GY, who is a right hemianopic patient extensively studied.
Affective blindsight has been shown in studies using fMRI for
the perception of dynamic whole-body emotional expressions
(patient GY in Van den Stock et al., 2011), for perception of body
and facial emotional expressions (patient TN in Van den Stock
et al., 2014) and for perception of gaze direction (patient TN in
Burra et al., 2013).

However blindsight is not present in all patients with VFDs
and depends on particular neurophysiological properties of sub-
cortical structures (the superior colliculus and the pulvinar which
receive visual information from the magnocellular pathway).
Indeed, blindsight is sensitive to the temporal characteristics of
the stimuli (5-20 Hz in Sahraie et al., 1997; 10-33 Hz inTrevethan
and Sahraie, 2003), to the spatial channel of the stimuli (low
spatial frequency <3.5 cycles/degree in Sahraie et al., 1997, 2010;
Trevethan and Sahraie, 2003), facilitated by an increase in stimu-
lus size (Sahraie et al., 1997) or for high contrast stimuli (Ffytche
et al., 1995), but insensitive to short wavelength (Tamietto et al.,
2010). Therefore, different underlying anatomical mechanisms
have been proposed to explain blindsight and many studies
have concentrated on the brain activations associated with this
phenomenon.
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amygdala

FIGURE 1 | Schematic diagram of the human visual system. The main
connections originating in the retina are represented in thick arrows. They
synapse in the lateral geniculate nucleus (LGN) and project to the primary
visual cortex (V1). V1 sent information to the extrastriate areas (V2, V3, V4
and MT+/V5). Most of the corticocortical (in blue) and subcortico-cortical (in
orange) connections are reciprocal but are not represented for clarity of the
schema. Alternative pathways are represented in thin arrows. The
extrageniculostriate pathway belonging to the dorsal visual stream, originates
in the retina and synapses in the superior colliculus (SC) and in the pulvinar
and projects directly to extrastriate areas (in particular area MT+/V5)

dorsa) stream

yentral stream

bypassing both V1 and the LGN. This pathway has been accounted to
mediate action blindsight. Another colliculo-pulvinar pathway, associated with
the ventral visual stream, synapses in the LGN and projects to extrastriate
areas (in particular area V4) bypassing V1. This pathway has been accounted
to mediate color and shape residual discrimination. Other collicular pathways
are represented: the colliculo-pulvinar pathway (between SC and pulvinar),
the pulvino-amygdalar pathway (between the pulvinar and amygdala) and the
colliculo-pulvino-amygdalar pathway (between the SC, the pulvinar and the
amygdala). These pathways have been accounted to mediate affective
blindsight.

SPARED CORTICAL ISLANDS OF V1

Some authors have postulated a direct relation between the
preserved portion of striate areas and blindsight in the cor-
responding visual field (Fendrich et al., 2001; Morland et al,
2004).

Specifically Morland et al. (2004) used fMRI with static,
moving and flickering stimuli in seven hemianopes and one
patient with a clearly spared region of the visual field in an
otherwise blind hemifield. Their findings support the existence
of small, spared active regions of V1 that mediate residual vision
in some patients, consistent with the results of Raposo et al.
(2011). However, some patients with V1 damage showed no
activation in the striate cortex in fMRI but could still present a
blindsight phenomenon, which does not support the hypothesis
of the existence of spared islands in V1 to account for blind-
sight (Kentridge et al., 1997; Sahraie et al., 1997; Stoerig et al.,
1998; Zeki and Ffytche, 1998; Ptito et al., 1999; Goebel et al.,
2001; Morland et al., 2004). The existence of spared islands of
V1 has been considered to be responsible for conscious visual
perception (Celesia et al., 1991; Fendrich et al., 1992; Stoerig
and Cowey, 1995) but many studies have later demonstrated that
visual awareness could be present in the absence of a healthy
V1 (Barbur et al., 1993; Ffytche et al., 1996; Zeki and Ffytche,
1998; Morland et al., 1999; Kleiser et al., 2001; Ffytche and Zeki,
2011).

EXTRA-GENICULOSTRIATE PATHWAYS (OR SUBCORTICAL ROUTES)
Another finding in Morland et al. (2004) is the existence of
residual motion direction discrimination in patients in whom
a lesion ruled out the hypothesis of spared cortical islands of
V1. For these patients, the existence of other pathways bypassing
V1 has been implicated to account for residual motion direction
consistent with results of Celesia et al. (1991) and Ptito et al.
(1999).

The existence of two sub-cortical pathways, one associated
with the dorsal visual stream and the other with the ventral visual
stream (Goodale and Milner, 1992), bypassing V1 and reaching
directly the extrastriate cortex have been implicated in different
blindsight classifications (see Figure 1). Retinal projections to the
superior colliculi (SC) and the pulvinar bypass both V1 and dorsal
lateral geniculate nucleus (LGN) to project to area MT+/V5,
which is part of the dorsal visual stream (Bittar et al., 1999;
Ptito et al., 1999; Schoenfeld et al., 2002). This colliculo-pulvinar
pathway has been involved in accounting for residual motion
discrimination and in the patients’ ability to make accurate sac-
cadic eye movements to localize stimuli. Superior colliculi allows
to drive visually-guided behavior without awareness and would
be involved in the reflexive orienting of attention (Rafal et al.,
1988), the unconscious visual processing and attentional orient-
ing (Kentridge et al., 1997). Action-blindsight may be under-
lied by the projections from the pulvinar to MT+/V5 whereas
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attention-blindsight may be underlied by the projections from
the colliculo-pulvinar pathway to the posterior parietal cortex.
However, both types seem to be closely related and may rely on the
same neural pathways associated with the dorsal stream (Danckert
and Rossetti, 2005).

Since collicular neurons do not have color opponency (Stoerig
and Cowey, 1989, 1991; Ro and Rafal, 2006), a second pathway
projecting directly from the LGN to V4 and MT+/V5 (especially
demonstrated in monkeys in Sincich et al., 2004; for a review
see Huxlin, 2008) has been implied to account for the residual
color discrimination (Stoerig, 1987; Barbur et al., 1998; Bridge
et al., 2010) and form discrimination in patients (Barbur et al.,
1993; Stoerig and Cowey, 1997; Goebel et al., 2001). This route
projecting to V4 and associated with the ventral visual stream
has been referred to account for agnosopia (Zeki and Ffytche,
1998).

Another subcortical pathway has been implied to account
for affective blindsight. Morris et al. (2001) have shown that
the activation of the amygdala of patient GY for unseen faces
correlated with activity in the SC and the pulvinar, suggesting
the existence of a colliculo-pulvino-amygdalar pathway, whose
existence has been demonstrated by Tamietto et al. (2012) using
DTI tractography.

INTERHEMISPHERIC CONNECTIONS (CALLOSAL AND NON CALLOSAL)
Residual vision can not only be mediated by sub-cortical path-
ways but also by the reorganization in the ipsilesional and/or
the contralesional hemisphere (Baseler et al., 1999; Bittar et al.,
1999; Goebel et al., 2001; Bridge et al., 2008, 2010), allowing
for the processing of visual information either ipsilaterally or
bilaterally.

Neuroimaging studies using DTI have suggested that this
redistribution of cerebral activations may rely on interhemi-
spheric connections (Silvanto et al., 2007; Bridge et al., 2008).
Specifically, Bridge et al. (2008) studied patient GY, five healthy
controls and one age-matched male who underwent diffusion
weighted-MRI and fMRI. GY exhibited similar to the controls
bilateral tracts between LGN and MT+/V5. However, in GY,
the ipsilateral pathways between LGN to V1 were bilaterally
smaller than the pathway between LGN to extrastriate areas (see
Figure 2, in blue and orange). The authors found two differences
in GY’s brain compared to controls: the presence of prominent
bilateral tracts from the splenium to MT+/V5 (suggesting an
increased cortico-cortical connectivity between these extrastri-
ate areas through callosal connections) and the presence of a
contralateral pathway between right LGN and left extrastriate
areas.

These differences in connectivity pattern in GY have also
been documented by Tamietto et al. (2012) using DTI trac-
tography to reconstruct three pathways previously identified in
healthy controls (see Figure 2). The colliculo-pulvinar pathway
in GY’s damaged hemisphere (in green Figure 2) was reduced in
strength and failed to extend to frontal areas, especially to area
46 which has been implicated in conscious perception (Sahraie
et al., 1997), consistent with the absence of conscious emotion
perception in GY (Tamietto and de Gelder, 2010). Moreover,
the connections from contralateral posterior areas in GY’s intact

hemisphere were strengthened, consistent with an increase of
interhemispheric connections after V1 damage. Connections of
the pulvino-amygdalar pathway in the damaged GY’s hemi-
sphere (in pink Figure 2) also extended more posteriorly to
visual areas than to frontal regions compared to controls. The
connections of the colliculo-pulvino-amygdalar pathway were
strengthened in the damaged hemisphere of GY (in maroon
Figure 2), consistent with the role of this pathway in affec-
tive blindsight, for which information did not depend directly
from V1.

Bridge et al. (2010) studied patient SBR with bilateral damage
to the gray matter of V1 sparing the adjacent white matter and
surrounding visual areas. Using a “motion” task in fMRI con-
trasting moving dots with stationary dots, they found a bilateral
activation of areas MT+/V5 despite no significant activation of
V1. The tracts between LGN and V1 appear to show some
degeneration while tracts between LGN and V5 did not differ
from controls. The authors had previously reported similar find-
ings in patient GY (Bridge et al., 2008) but in patient SBR, the
very specific lesion suggested that ipsilateral connection between
LGN and MT+/V5 may be particularly important for residual
function.

Using fMRI, Perez et al. (2013) presented images of natural
scenes filtered (in high and in low frequencies or non filtered)
to right and left hemianopes who where asked to perform a
detection and a categorization tasks. They showed a different
pattern of reorganization depending on the lesion side. The right
hemianopes (left occipital lesion) seemed to have a predominant
intra-hemispheric reorganization whereas the left hemianopes
(right occipital lesion) a predominant inter-hemispheric reorga-
nization, suggesting that hemispheric specialization (visuospatial
abilities for the right hemisphere and language abilities for the left
hemisphere) could be present at this early level.

Neurostimulation studies using TMS have also highlighted
the importance of interhemispheric connections in VFDs and
their recovery. Silvanto et al. (2007) used TMS and reported
that GY experienced visual sensation of phosphenes in his blind
field only when bilateral stimulation were applied over MT+/V5.
According to the authors, this conscious sensation can only be
conveyed by the contribution from GY’s intact hemisphere to
explain why stimulation of the damaged hemisphere can reach
awareness. These findings also suggested the presence of an
increased connectivity via transcallosal connections, consistent
with the tractography results obtained by Bridge et al. (2008).In a
subsequent study in TMS performed on GY, Silvanto et al. (2009)
showed that TMS applied over the area MT+/V5 in the damaged
hemisphere modulated the appearance of phosphenes induced
from V1 in the intact hemisphere (contrary to control subjects
whose TMS over area MT+/V5 never influence the phosphenes
induced from V1 in the other hemisphere). This finding was
consistent with the abnormal functional connectivity between
GY’s both hemispheres. However in their previous study (Silvanto
et al., 2007), GY experienced bilateral phosphenes, consistent
with a role of interhemispheric connections between extrastriate
areas in both hemispheres and with the increased anatomical
connectivity documented in Bridge et al. (2008). In this study
(Silvanto et al., 2009), GY never perceived bilateral phosphenes
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FIGURE 2 | Schematic diagram of the subcortico-cortical connections,
subcortical connections intra-and interhemispheric connections
mediating blindsight in the human left and right hemispheres. For the
clarity of the display, not all subcortical connections are represented. The
colliculo-pulvinar pathway is represented in green. It extends to several
subcortical and cortical areas and is highly symmetrical in the two
hemispheres. Fibers passing through the superior colliculus (SC) and pulvinar
continue to V1 and extrastriate areas, temporal pole, posterior parietal cortex
(PPC), primary motor cortex (M1), frontal eye-field (FEF), dorsolateral
prefrontal cortex (DLPFC) and orbitofrontal cortex. A part of the bundle
passes through the amygdala, the caudate and brainstem (not represented).
The pulvino-amygdalar pathway is represented in pink and is also symmetrical
in the two hemispheres. Fibers passing through the pulvinar and the
amygdala extend to temporal pole, dorsal prefrontal cortex, orbitofrontal
cortex. It also extends to caudate and SC (not represented). The
colliculo-pulvino-amygdalar pathway is represented in maroon and is
symmetrical in the two hemispheres. It does not extend to other cortical or
subcortical areas (see Tamietto et al., 2012).The geniculo-extrastriate pathway

Interhemispheric connections

1: intercollicular commissure a:ILF
2: massa intermedia b: SLF
3: anterior commissure c: FSL

d: FIL

4: splenium of the corpus callosum

| temporal pole I

/| orbitofrontal

Intrahemispheric connections

is represented in orange and is symmetrical in the two hemispheres. Only
fibers connecting the LGN to area MT+/V5 are represented for clarity of the
schema. The geniculostriate pathway is represented in blue and is
symmetrical in the two hemispheres. Only fibers connecting the LGN to area
V1 are represented. The complexity of cortico-cortical and subcortico-cortical
routes is partially represented in Figure 1. The interhemispheric connections
are represented in red. Both SC are connected via the intercollicular
commissure (n°1), both pulvinar via the massa intermedia (n°2; see Catani
and Thiebaut De Schotten, 2012), both amygdala are connected by the
anterior commissure (n°3). Cortical areas in the occipital cortex are connected
by the splenium of the corpus callosum (n°4). Intra-hemispheric connections
are labeled by letters in light blue. They are displayed only for the right
hemisphere but are also present in the left hemisphere. The pathway linking
V4 to temporal pole is the inferior longitudinal fasciculus (ILF: a). The pathway
linking the PPC to FEF is the superior longitudinal fascisculus (SLF: b). The
pathway linking M1 to FEF and the DLPFC is the superior frontal longitudinal
fasciculus (SFL: ¢). The pathway linking M1 to the orbitofrontal cortex is the
inferior frontal longitudinal fasciculus (FIL: d).

because the combined stimulation of the left V5/MT+ and the
right V1 did not induce phosphene in his blind field. Actu-
ally, GY had atrophy of callosal fibers in the forceps major
which is part of the splenium (Silvanto et al., 2007), but it
has been argued that non callosal pathway can mediate this
interhemispheric transfer, although more slowly (Ffytche et al.,
2000).

The existence of interhemispheric non callosal connections
such as the intercollicular commissure and the ipsilateral and
contralateral projections from the SC to various brain areas may
explain why patients with bilateral occipital lesions (involving
the splenium of the corpus callosum) or with a unilateral lesion

impairing the splenium may nonetheless present blindsight (see
Figure 2).

To summarize, residual vision is present after the first 6
months following brain damage. Blindsight refers to the ability
of VFDs’ patients to perform well in tasks involving eye move-
ments, pointing, reaching, prehension, discrimination, identifica-
tion, emotional processing, though they have no consciousness
of their performance. Functional brain imaging shows that the
retino-collicular pathway is more likely to account for blindsight
than cortical islands in V1. Interhemispheric connections (either
callosal between homologous visual areas, either non callosal con-
nections via subcortical structures) may also play an important
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role in blindsight phenomena and variability, which is compatible
with the differential effect of the lesion side on residual vision due
to distinct underlying plasticity mechanisms.

CORTICAL REORGANIZATION/PLASTICITY

Some studies have demonstrated that the retinotopic organization
of V1 could be preserved even if the visual cortex is damaged
(Baseler et al.,, 1999; Ho et al., 2009; Reitsma et al., 2013).
However, in some cases, patients can also present an atypical
organization of their visual cortex after brain injury (Reitsma
et al., 2013). In 27 patients with clear anatomical evidence of
damage involving visual cortex and/or underlying white matter,
Reitsma et al. (2013) presented three patients with an expanded
ipsilateral field representation compared with healthy controls,
whereas 22/27 patients had a typical retinotopic organization.
For the authors, this atypical organization could rely on the
unmasking of the interhemispheric suppression from the intact
visual cortex due to the lesion that would in turn unmask retino-
geniculate afferents representing the vertical meridian and ipsilat-
eral visual field. They acknowledged other plausible mechanisms
such as axonal sprouting and synaptogenesis in the deafferented
visual cortex in association with the strengthening of long-range
excitatory connections.

Some neuroimaging studies have also reported cases to docu-
ment reorganization and plasticity in the visual system. Plasticity
could be viewed as a recruitment of the contralesional hemisphere
(and therefore interhemispheric connections), which has been
demonstrated in the early stage of recovery (Raposo et al., 2011)
and in more chronic stages (Nelles et al., 2002) where it could also
mediate blindsight (Zeki and Ffytche, 1998; Ffytche et al., 2000;
Silvanto et al., 2007; Bridge et al., 2008).

Plasticity could also be viewed as a recruitment of activity by
nearby healthy cortex (Baseler et al., 1999), a disinhibition of pre-
existing long-range horizontal connections within V1, sprouting
of new horizontal connections in V1, which have been demon-
strated in animals studies (Darian-Smith and Gilbert, 1994, 1995;
Das and Gilbert, 1995) or changes in the functional interactions
between higher-level visual cortical areas and V1 (Huxlin, 2008).
Processes of plasticity may have different time courses, which
overlap, from synaptic gain in the short term to axonal sprout-
ing and new circuits properties in the long term (Wandell and
Smirnakis, 2009).

Goebel et al. (2001) used fMRI and retinotopic mapping
in two patients with long-standing left VFDs history (FS and
GY) to compare the responsiveness of dorsal and ventral stream
areas after stimulation of both hemifields. They found that GY’s
ipsilesional extrastriate areas responded to stimulation to either
hemifield. The authors proposed that these findings were consis-
tent with a kind of plastic changes of the system compensating for
the loss of V1 (which is normally the major source of MT+/V5
input) in GY.

Baseler et al. (1999) performed an fMRI study in GY. They
found that the foveal stimulation in the lesioned occipital lobe
exhibited normal retinotopic organization as GY’s lesion spared
the foveal representation. The stimulation of the blind VF exhib-
ited a different topography of GY’s extrastriate areas depending
on the stimulus configuration (full or annular wedge), which

now responded to positions restricted near the lower vertical
meridian. Their findings suggested the involvement of subcor-
tical projections to extrastriate cortex, transcallosal projections
(consistent with the restricted activity around the lower vertical
meridian) and residual inputs from V1 near the margin of the
lesion. They assumed that because V2 neurons in GY’s lesioned
occipital lobe were deprived of their V1 input, they were colonized
by other neurons in neighboring cortex. The colonization could
be mediated by “strengthening or disinhibition of long-range
connections or by the creation of new connections” (Das and
Gilbert, 1995) through plastic reorganization.

loannides et al. (2012) studied patient GY and three healthy
controls with MEG using a distributed source model to estimate
the spatiotemporal properties of neural activity following the
presentation of checkerboard pattern stimuli in different portion
of the visual field. In control subjects, activity started in the first
100 ms in V1 and spread through dorsal and ventral streams
in the next 100 ms towards extrastriate areas. In GY’s damaged
hemisphere no activity was detected before 130 ms. The first
activity detected was in the ipsilesional extrastriate cortex (around
the middle occipital gyrus, the middle temporal gyrus and the
superior temporal sulcus) and spread towards higher level areas
and backward to early retinotopic visual areas. Moreover, the
back-propagated activity did not follow the retinotopic organiza-
tion and did not have well-defined response peaks. Again, these
findings in GY may be due to plastic reorganization following
long-term lesion.

Dilks et al. (2007) reported the case of a patient with a
stroke sparing V1 but affecting the right inferior optic radiations
(which normally provide information to V1 from the upper
field). The patient was blinded in the upper quadrant of the LVF
but he also exhibited a distorted perception of the intact lower
visual field (stimuli appeared vertically elongated). Six months
after the onset of the stroke, the patient underwent behavioral
testing and retinotopic mapping-fMRI, which revealed that this
perceptual distortion was mirrored by a distorted visual field
map in V1. They found that the regions normally dedicated
to the representation of the upper LVF were now activated by
lower LVF stimuli due to the upper quadrantanopia. Thus the
regions of V1 representing the lower quadrant of the LVF were
expanded, leading to an expanded representation of the left hor-
izontal meridian and to the perceptual distortion. Huxlin (2008)
proposed that the perceptual plasticity exhibited by the patient
reported by Dilks et al. (2007) could include “dis-inhibition
of pre-existing long-range horizontal connections within VI,
sprouting of new connections in V1 or changes in the functional
interactions between higher-level visual cortical areas and V1”
(Huxlin, 2008).

Schoenfeld et al. (2002) have studied color changes and motion
direction discrimination to target integrity of the ventral and
the dorsal visual streams in a patient suffering from a left
hemorrhagic PCA stroke, who underwent both fMRI and MEG
recordings. They found activation following motion and color-
change stimuli in the hemianopic field in several extrastriate
areas of the lesioned hemisphere. The MEG recordings pro-
vided evidence for activation first in V5 in the lesioned hemi-
sphere with other extrastriate areas being activated later. In the
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intact hemisphere, V1/V2/V3 activity preceded V4/V5/V8 activity
whereas in the lesioned hemisphere, motion and color stimuli
activated first V4/V5/V8 regions. The authors proposed that the
cortical reorganization after a V1 lesion may involve a change of
connectivity between extrastriate areas (V4/V8 and V5), and a
change in the dominant direction of flow of visual information
between areas spared by the lesion, with V5 playing a key role in
distributing subcortical signals to other extrastriate regions via
feedback and feedforward connections already in place (Hupe
et al., 1998). Indeed, the existence of recurrent loops between
higher and early visual areas has been demonstrated in animals
and in human studies (Hupe et al., 1998; Goebel et al., 2001;
Schoenfeld et al., 2002; Silvanto et al., 2005). These loops have
been shown to amplify and focus activity of neurons in lower-
order areas (Hupe et al., 1998) and are supposed to organize
neuronal activity into stable resonant states and could be a
neural correlate of conscious vision (e.g., Tononi and Edelman,
1998; Engel and Singer, 2001; Goebel et al., 2001; Silvanto et al.,
2005).

However there are controversies about plasticity and cortical
reorganization per se. Indeed, in most of these studies reported
previously (except that of Ho et al., 2009, in which the patient
was studied 1 year post stroke; that of Dilks et al., 2007, in which
the patient suffered from a stroke 6 months before the study; and
that of Reitsma et al., 2013, in which 2/3 patients with abnormal
retinotopic organization had acquired VFDs during adulthood),
all the patients had a long-standing history of VFDs, because the
injury had occurred earlier in their lives, thus probably allowing
for a better reorganization (Goebel et al., 2001; Haak et al.,
2014). Alternative explanations have been proposed to account for
cortical reorganization.

Rather than cortical reorganization or remapping, the findings
may be more accurately accounted for by properties of neuronal
receptive fields and modulatory feedback signals from extrastriate
areas (Haak et al., 2012, 2014). For example, according to Haak
et al. (2014) the term “reorganization” implies the presence of
long term anatomical changes (Wandell and Smirnakis, 2009).
Thus some cases of abnormal activity, such as that observed
by Dilks et al. (2007), could be explained on the basis of
intrinsic neuronal properties that surface only when the normal
input signal is absent. When neurons are deprived from their
original input, the feedback signals from the far periphery of
the VF become visible as a distorsion of the visual field map
and thus affect perception (Haak et al., 2014). Papanikolaou
et al. (2014) used fMRI to measure the population receptive
field (pRF) properties in area V1 in five patients with partial
or complete quadrantanopia after a lesion in V1 or in optic
radiations. They showed that in two patients, some pRF centers
shifted their location near the border of the scotoma. Moreover,
the pRF size in the spared V1 cortex of patients was increased
in both the damaged and the healthy hemispheres, suggesting
the recruitment of area nearby the lesion and a reorganiza-
tion of the subcortical inputs from subcortical structures (LGN,
pulvinar).

Different hypotheses have been advanced to account for cor-
tical/subcortical reorganization and underlying plasticity mech-
anisms: nearby cortex recruitment, disinhibition of long-range

connections, sprouting of new connections, interactions between
V1 and higher level visual areas, or modulatory feedback sig-
nals. Far from being exclusive, we suggest that these different
mechanisms are likely to co-occur and their effects to interact
resulting in complex and variable solutions within the damaged
brain. Visual field defects are associated with bad functional
prognosis because they impair daily activities (driving, reading,
social activities, leisure or work, fall risk, accidental risk and
quality of life) (Trauzettel-Klosinski, 2011). To counteract VFDs’
deleterious impact, different rehabilitation programs have been
proposed.

REORGANIZATION AFTER REHABILITATION

Plasticity in the central nervous system after brain injury may
play a key role in restitution and may be enhanced through
training of visual functions (Poppel et al., 1978; Zihl and von
Cramon, 1985). Based on experiments in primates with VFD
after brain injury (Cowey, 1967; Mohler and Wurtz, 1977), visual
training aims at restoring or at compensating visual blind field.
Though some authors have postulated that lost visual functions
cannot be recovered (Horton, 2005b), others have emphasized the
critical role of rehabilitation techniques such as visual retraining
or field stimulation in the recovery of VFDs (Popelreuter, 1917;
Preobrazenskaya cited in Luria, 1963; Zihl and von Cramon,
1982). Three main approaches may be considered for rehabil-
itation. The first employs compensatory techniques by using
intact visual abilities to improve natural adaptation strategies (i.e.,
eye movements training, see Bolognini et al., 2005; Roth et al.,
2009; Schuett et al., 2009). The second concerns optical aids,
using relocation of the visual field with monocular or binocular
prisms (Peli, 2000; Bowers et al., 2008; Ross et al., 2012). Finally
restorative therapy (reported in this review) has been proposed,
using training stimulation programs to increase the blind visual
field directly.

REHABILITATION BY BORDERZONE STIMULATION

The first promising studies of training (Zihl and von Cramon,
1979, 1985; Zihl, 1981) proposed external stimulation between
normal and impaired visual field (partially defective area called
transition zone or borderzone) in patients with damage in the
geniculostriatal visual system. Results highlighted an increase in
seeing visual field size in patients with cerebral blindness. Kasten
and Sabel (1995) proposed a standardized and automatic program
called “Visual Restoration Therapy” (VRT, NovaVision®). Reha-
bilitation consisted of a home-based program to be performed
on a computer (Kasten and Sabel, 1995). The region between
the intact and damaged visual fields along the vertical meridian
(borderzone) was also targeted by the therapy. Patient with VFD
had to maintain a central fixation on the screen device and
respond by pressing a key whenever a light stimulus appeared.
These training exercises were performed twice daily for half an
hour for 6 months.

However VRT remained criticized because of the variability of
results reported in different studies. In most cases reported, visual
expansion did not exceed 5% (Kasten and Sabel, 1995; Kasten
et al., 1998b) and was less pronounced in others studies (from
1° to 6.7°) (Pommerenke and Markowitsch, 1989; Kerkhoff et al.,
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1992, 1994) or even absent (Balliet et al., 1985). Some authors
suggested that visual field improvements could be an artefact
of eye movements (Horton, 2005a; Reinhard et al., 2005) and
that controversial results could be related to (1) the perimeter
techniques employed; (2) lesion localization; or (3) explanatory
mechanisms (Pouget et al., 2012).

Behavioral VRT studies have described a visual field expansion
after this rehabilitation and proposed an explanatory mechanism
based on the reactivation of residual neuronal activity in the
ischemic transition zone through the expansion of the receptive
field of small spared neural structures (Kasten et al., 1998a). The
borderzone has been characterized as an area of suboptimal visual
perception corresponding to surviving neurons (Kasten et al,
1998a; Sabel et al., 2011). Thus Pleger et al. (2003) have shown
an increase of BOLD signal in perilesional primary visual cortex
after 6 months of rehabilitation in three patients with cortical
blindness. Julkunen et al. (2003) explored rehabilitation at three
times (before and after visual field training and after a follow
up of 3 months) one patient with right homonymous upper
quadrantanopia after left occipito-temporal lesion. Perimetry,
subjective evaluation and visual evoked potential to right hemi-
field stimulation improved during the training period and were
maintained at the follow-up (specifically with a 5-10° increase
in visual field). Positive correlation between changes in rCBF
and changes in perimetry results was found in the contralesional
occipital area. Similarly, a cohort of six chronic right hemianopic
patients with a left temporal or occipital lesion underwent fMRI
before and 1 month after beginning VRT (Marshall et al., 2008).
Results reported a modification of brain activity correlated with a
relative improvement in response time for detection of the stimuli
in the borderzone after therapy, in secondary and associated visual
areas, right dorsolateral prefrontal cortex, bilateral anterior cin-
gulate cortex, and bilateral basal ganglia. Positive correlation was
also observed and the authors concluded that VRT could induce a
modification of brain activity associated with a process of shift in
spatial attention (from the seeing location toward the borderzone
location). More recently, Raemaekers et al. (2011) have explored
the properties of visual cortex (V1, V2, and V3) before and after
VRT by using fMRI and perimetry in eight chronic patients with
visual field defect. Vision restoration therapy induced visual field
recovery as measured with perimetry (mean increase of 3.94°)
and fMRI results showed a shift of receptive fields to a higher
eccentricity and some growth of receptive field size. However, no
evidence for extensive representation of regained visual field was
found.

Moreover, based on motor recovery after training rehabil-
itation combined with tDCS, (Plow et al., 2011, 2012) pro-
posed a visual rehabilitation (VRT) associated with tDCS. They
tested two patients in chronic phase with left occipital lesion
and right VED (Plow et al., 2011). One patient received VRT
combined with active tDCS and the other received VRT com-
bined with sham tDCS (no stimulation). The anode electrode
was placed with the intention to stimulate the occipital cortex
bilaterally. Objective perimetry pre- and post-treatment showed
a greater expansion in the visual field border after rehabilita-
tion in patients with VRT combined with active tDCS (expan-
sion of 3.55° in the central visual field and a 4° shift inward

from the periphery). These results suggested that the stimula-
tion of the occipital cortex with tDCS during VRT promoted
visual rehabilitation. Functional magnetic resonance imaging data
were also obtained in this patient following rehabilitation and
revealed activation in perilesional and in bilateral higher area
(V2/V3 and MT+/V5), consistent with reactivation surviving
visual area hypothesis. However, it seems difficult at this time
to disentangle the contributory effect of VRT from tDCS. Plow
et al. (2012) confirmed these previous results by proposing the
same protocol to 12 patients and suggested that tDCS asso-
ciated with VRT accelerate the recovery in accuracy detection
(Halko et al., 2011; Plow et al.,, 2012). The exact underlying
mechanism of tDCS in humans is not known. It is supposed
that tDCS may enhance VRT effects by modulating excitability
of surviving visual networks including perilesional area but also
bilateral higher visual areas (for a review see Valero-Cabré et al.,
2011).

REHABILITATION BY BLINDSIGHT
The ability to perform visual discrimination in the absence of
awareness (Weiskrantz et al., 1974) opened up new horizons for
neuro-visual rehabilitation (Ro and Rafal, 2006). As described
in Section Residual vision in the chronic phase, blindsight may
suggest the existence of a residual visual treatment process after
striate pathway injury whereby visual information may travel
through LGN directly to extrastriate cortical areas (Sincich et al.,
2004; Bowers et al., 2008; Bridge et al., 2010). Thus Vanni
et al. (2001) trained one patient (MR) with a right posterior
medial cerebral infarct and left hemianopia to detect flickering
luminance patterns (disk and letter). Magneto encephalography
results showed a right attenuated transient occipital response
and a prominent response in the right superior temporal cortex.
The authors concluded that the input of the superior temporal
cortex might come through the SC and pulvinar and compensate
for the impaired input of the primary visual cortex. Consistent
with these results, Raninen et al. (2007) reported the case of
two patients (KS and IT) with a left occipital lesion, who were
trained with a detection task of a flickering light stimulus and
a letters identification task. Neuromagnetic responses (at 1-2
months intervals) of patient KS showed the strongest response
in the ipsilesional posterior superior temporal area. In contrast,
the strongest response of the other patient (IT) was in the con-
trolesional occipital area. Henriksson et al. (2007) showed with
an fMRI mapping that both visual hemifields were represented
in IT’s intact hemisphere and more specifically in the MT+/V5
area, in a region around the superior temporal sulcus and in
visual areas V1, V2, V3 and V3a. Implication of interhemispheric
connections appeared required. However, the minor activation
observed in the left hemisphere excluded a pathway through
callosal connections as if a disconnection of the left occipital
regions from visual processing occurred. Inter-commissural con-
nection of the SC, connecting left hemisphere activity to the right
extrastriate visual areas via the pulvinar seemed to be a more
plausible explanation.

To summarize, depending on whether theoretical and physio-
logical frameworks have pointed out the role of either cortical or
subcortical pathways in residual vision, rehabilitation techniques
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in VEDs have privileged either cortical borderzone stimulation
or blindsight training. In both cases, significant improvements in
visual performance have been observed. However, the underlying
mechanisms are not well understood, which could be disentan-
gled by more systematic functional brain imaging studies testing
more patients.

CONCLUSION

Visual field defects following post-geniculate lesion, among which
70-75% are HH and 29% quadrantanopia, are common neu-
rological disorders after stroke or traumatic brain injury, with
high deleterious impact on activities of daily life: walking, driving,
reading, etc. Spontaneous recovery only occurs within the 6
months following brain damage, and most of the recovery is
done after 1 month. After 6 months, almost no spontaneous
recovery may occur and rehabilitation techniques have been
developed to improve residual vision. Depending on theoretical
frameworks and physiological considerations underlying visual
capabilities, strategies have alternatively given importance to
either borderzone stimulation (the stimulation through behav-
ioral training or transcranial stimulation of cortical areas in the
neighborhood of damaged primary visual cortex) or blindsight
(the stimulation of spared subcortical routes). Visual improve-
ments have been documented in both cases. However, from
a phenomenological point of view, there is a great variabil-
ity regarding the success of the rehabilitation according to the
patients. Some patients seem to “see” in their blind field and
feel more confident in their perception (Chokron et al., 2008),
leading to a better quality of life. Subcortical processes, which
have been involved in mediating blindsight, have been shown
to be non conscious but they might interact with cortical
processes via an integration of their activity with activity in
cortical structures, which in turn exert a feedback to subcor-
tical structures (Tamietto and de Gelder, 2010). Nonetheless,
subcortical processes seem to be distinct from cortical pro-
cesses in terms of sensory threshold, time-scale and in terms
of main connections to cortical areas implicated in conscious
perception.

Most of rehabilitation techniques are specific to the type of
stimuli used in training and therefore non-transferable to other
stimuli present in real life. Moreover, they require repetitive
training over an extended period (Ajina and Kennard, 2012). As
example, Rowe et al. (2013) have shown that in 479 patients
with visual loss treated with different options (visual search
training, visual awareness, typoscopes, substitutive prisms, low
vision aids, refraction, and occlusive patches), only 7.5% had
full recovery, 39% had improvement and 52% did not recover at
follow-up.

Underlying physiological mechanisms of spontaneous
recovery and/or rehabilitation interventions as well as their
interactions are not well understood in humans. In this context,
functional brain imaging examining gray and white matter in
brain-damaged patients is the only objective tool to understand
further plasticity and compensatory mechanisms of visual loss,
recovery and rehabilitation. Learning plays a crucial role in
plasticity because practice has a role in facilitating recovery
and reorganization (Levin, 2006). For example, studies using

perceptual learning in control subjects have demonstrated
changes in receptive field properties within early visual cortex
and increases in activation (Bao et al., 2010; Frank et al., 2014).
Brain imaging evidence of perceptual learning has shown
cortical and white matter changes, which took place quickly
and efficiently. Gray matter changes may rely on dendritic
spine growth and synapse turnover (Barnes and Finnerty, 2010;
May, 2011) whereas white matter changes may be based on
larger-scaled axonal remodelling and increased myelination
(Johansen-Berg et al., 2012; Ditye et al., 2013; Lovdén et al,,
2013). As cortical reorganization or plasticity might rely on
this type of changes in the functional architecture and RF
properties in visual areas (Gilbert and Li, 2012), promising
studies should perhaps use perceptual learning in patients (see
Huxlin et al., 2009, who have trained seven patients with HH
to discriminate complex motion direction in their intact and
blind field). The success or the failure may depend on the
pattern of cortical damage and the involvement of damage to
subcortical and interhemispheric connections (Reitsma et al.,
2013).

ACKNOWLEDGMENTS

Marika Urbanski was supported by the French Agence Nationale
de la Recherche (project CAFO-RPFC, No: ANR-09-RPDOC-
004-01).

REFERENCES

Ajina, S., and Kennard, C. (2012). Rehabilitation of damage to the visual brain. Rev.
Neurol. (Paris) 168, 754-761. doi: 10.1016/j.neurol.2012.07.015

Aldrich, M. S., Alessi, A. G., Beck, R. W,, and Gilman, S. (1987). Cortical blindness:
etiology, diagnosis and prognosis. Ann. Neurol. 21, 149-158. doi: 10.1002/ana.
410210207

Balliet, R., Blood, K. M., and Bach-Y-Rita, P. (1985). Visual field rehabilitation
in the cortically blind? J. Neurol. Neurosurg. Psychiatry 48, 1113-1124. doi: 10.
1136/jnnp.48.11.1113

Bao, M., Yang, L., Rios, C., He, B., and Engel, S. A. (2010). Perceptual learning
increases the strength of the earliest signals in visual cortex. J. Neurosci. 30,
15080—15084. doi: 10.1523/jneurosci.5703-09.2010

Barbur, J. L., Ruddock, K. H., and Waterfield, V. A. (1980). Human visual responses
in the absence of the geniculo-calcarine projection. Brain 103, 905-928. doi: 10.
1093/brain/103.4.905

Barbur, J. L., Sahraie, A., Simmons, A., Weiskrantz, L., and Williams, S. C. (1998).
Residual processing of chromatic signals in the absence of a geniculostriate
projection. Vision Res. 38, 3447-3453. doi: 10.1016/s0042-6989(98)00147-3

Barbur, J. L., Watson, J. D., Frackowiak, R. S., and Zeki, S. (1993). Conscious visual
perception without V1. Brain 116, 1293-1302. doi: 10.1093/brain/116.6.1293

Barnes, S. J., and Finnerty, G. T. (2010). Sensory experience and cortical rewiring.
Neuroscientist 16, 186—-198. doi: 10.1177/1073858409343961

Baseler, H. A., Morland, A. B., and Wandell, B. A. (1999). Topographic organization
of human visual areas in the absence of input from primary cortex. J. Neurosci.
19, 2619-2627.

Bisiach, E., and Geminiani, G. (1991). “Anosognosia related to hemiplegia and
hemianopia,” in Awareness of Deficit After Brain Injury, eds G. P. Prigatano and
D. L. Schacter (New York: Oxford University Press), 17-39.

Bittar, R. G., Ptito, M., Faubert, J., Dumoulin, S. O., and Ptito, A. (1999). Activation
of the remaining hemisphere following stimulation of the blind hemifield
in hemispherectomized subjects. Neuroimage 10, 339-346. doi: 10.1006/nimg.
1999.0474

Bolognini, N., Rasi, E, Coccia, M., and Ladavas, E. (2005). Visual search improve-
ment in hemianopic patients after audio-visual stimulation. Brain 128, 2830—
2842. doi: 10.1093/brain/awh656

Bosley, T. M., Dann, R, Silver, E. L., Alavi, A., Kushner, M., Chawluk, J. B., et al.
(1987). Recovery of vision after ischemic lesions: positron emission tomography.
Ann. Neurol. 21, 444-450. doi: 10.1002/ana.410210505

Frontiers in Integrative Neuroscience

www.frontiersin.org

September 2014 | Volume 8 | Article 74 | 10


http://www.frontiersin.org/Integrative_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Integrative_Neuroscience/archive

Urbanski et al.

Brain imaging of visual field defects

Bowers, A. R., Keeney, K., and Peli, E. (2008). Community-based trial of a periph-
eral prism visual field expansion device for hemianopia. Arch. Ophthalmol. 126,
657—664. doi: 10.1001/archopht.126.5.657

Brandt, T., Steinke, W., Thie, A., Pessin, M. S., and Caplan, L. R. (2000). Posterior
cerebral artery territory infarcts: clinical features, infarct topography, causes and
outcome. Multicenter results and a review of the literature. Cerebrovasc. Dis. 10,
170-182. doi: 10.1159/000016053

Bridge, H., Hicks, S. L., Xie, J., Okell, T. W., Mannan, S., Alexander, I, et al.
(2010). Visual activation of extra-striate cortex in the absence of V1 activa-
tion. Neuropsychologia 48, 4148—4154. doi: 10.1016/j.neuropsychologia.2010.
10.022

Bridge, H., Thomas, O., Jbabdi, S., and Cowey, A. (2008). Changes in connectivity
after visual cortical brain damage underlie altered visual function. Brain 131,
1433-1444. doi: 10.1093/brain/awn063

Bruce, B. B., Zhang, X., Kedar, S., Newman, N. J., and Biousse, V. (2006). Traumatic
homonymous hemianopia. J. Neurol. Neurosurg. Psychiatry 77, 986-988. doi: 10.
1136/jnnp.2006.088799

Burra, N., Hervais-Adelman, A., Kerzel, D., Tamietto, M., De Gelder, B., and Pegna,
A. J. (2013). Amygdala activation for eye contact despite complete cortical
blindness. J. Neurosci. 33, 10483-10489. doi: 10.1523/jneurosci.3994-12.2013

Catani, M., and Thiebaut De Schotten, M. (2012). Atlas of Human Brain Connec-
tions. Oxford, UK: Oxford University Press.

Celebisoy, M., Celebisoy, N., Bayam, E., and Kose, T. (2011). Recovery of visual-
field defects after occipital lobe infarction: a perimetric study. J. Neurol. Neuro-
surg. Psychiatry 82, 695-702. doi: 10.1136/jnnp.2010.214387

Celesia, G. G., Bushnell, D., Toleikis, S. C., and Brigell, M. G. (1991). Cortical
blindness and residual vision: is the “second” visual system in humans capable
of more than rudimentary visual perception? Neurology 41, 862-869. doi: 10.
1212/wnl.41.6.862

Chokron, S., Perez, C., Obadia, M., Gaudry, 1., Laloum, L., and Gout, O. (2008).
From blindsight to sight: cognitive rehabilitation of visual field defects. Restor.
Neurol. Neurosci. 26, 305-320.

Cowey, A. (1967). Perimetric study of field defects in monkeys after cor-
tical and retinal ablations. Q. J. Exp. Psychol. 19, 232-245. doi: 10.
1080/14640746708400098

Cowey, A., and Stoerig, P. (1995). Blindsight in monkeys. Nature 373, 247-249.
doi: 10.1038/373247a0

Danckert, J., and Rossetti, Y. (2005). Blindsight in action: what can the different
sub-types of blindsight tell us about the control of visually guided actions?
Neurosci. Biobehav. Rev. 29, 1035-1046. doi: 10.1016/j.neubiorev.2005.02.001

Darian-Smith, C., and Gilbert, C. D. (1994). Axonal sprouting accompanies func-
tional reorganization in adult cat striate cortex. Nature 368, 737-740. doi: 10.
1038/368737a0

Darian-Smith, C., and Gilbert, C. D. (1995). Topographic reorganization in the
striate cortex of the adult cat and monkey is cortically mediated. J. Neurosci.
15, 1631-1647.

Das, A., and Gilbert, C. D. (1995). Receptive field expansion in adult visual cortex
is linked to dynamic changes in strength of cortical connections. J. Neurophysiol.
74, 779-792.

de Gelder, B., Tamietto, M., Van Boxtel, G., Goebel, R., Sahraie, A., Van Den Stock,
J., et al. (2008). Intact navigation skills after bilateral loss of striate cortex. Curr.
Biol. 18, R1128-R1129. doi: 10.1016/j.cub.2008.11.002

de Gelder, B., Vroomen, J., Pourtois, G., and Weiskrantz, L. (1999). Non-conscious
recognition of affect in the absence of striate cortex. Neuroreport 10, 3759-3763.
doi: 10.1097/00001756-199912160-00007

Dilks, D. D., Serences, J. T., Rosenau, B. J., Yantis, S., and Mccloskey, M. (2007).
Human adult cortical reorganization and consequent visual distortion. J. Neu-
rosci. 27, 9585-9594. doi: 10.1523/jneurosci.2650-07.2007

Ditye, T., Kanai, R., Bahrami, B., Muggleton, N. G., Rees, G., and Walsh, V. (2013).
Rapid changes in brain structure predict improvements induced by perceptual
learning. Neuroimage 81, 205-212. doi: 10.1016/j.neuroimage.2013.05.058

Duquette, J., and Baril, FE (2009). Les interventions de réadaptation visuelle
développées a lintention des personnes ayant une déficience visuelle asso-
ciée a une condition neurologique. Document Synthése de Veille Information-
nelle. Available online at: http://www.inlb.qc.ca/librairies/sfv/telecharger.php?
fichier=945

Engel, A. K., and Singer, W. (2001). Temporal binding and the neural corre-
lates of sensory awareness. Trends Cogn. Sci. 5, 16-25. doi: 10.1016/s1364-
6613(00)01568-0

Fendrich, R., Wessinger, C. M., and Gazzaniga, M. S. (1992). Residual vision
in a scotoma: implications for blindsight. Science 258, 1489-1491. doi: 10.
1126/science.1439839

Fendrich, R., Wessinger, C. M., and Gazzaniga, M. S. (2001). Speculations on the
neural basis of islands of blindsight. Prog. Brain Res. 134, 353-366. doi: 10.
1016/s0079-6123(01)34023-2

Ffytche, D. H., Guy, C. N., and Zeki, S. (1995). The parallel visual motion inputs
into areas V1 and V5 of human cerebral cortex. Brain 118, 1375-1394. doi: 10.
1093/brain/118.6.1375

Ffytche, D. H., Guy, C. N., and Zeki, S. (1996). Motion specific responses from a
blind hemifield. Brain 119, 1971-1982. doi: 10.1093/brain/119.6.1971

Ffytche, D. H., Howseman, A., Edwards, R., Sandeman, D. R., and Zeki, S. (2000).
Human area V5 and motion in the ipsilateral visual field. Eur. J. Neurosci. 12,
3015-3025. doi: 10.1046/j.1460-9568.2000.00177.x

Ffytche, D. H., and Zeki, S. (2011). The primary visual cortex and feedback
to it, are not necessary for conscious vision. Brain 134, 247-257. doi: 10.
1093/brain/awQ405

Frank, S. M., Reavis, E. A., Tse, P. U, and Greenlee, M. W. (2014). Neural
mechanisms of feature conjunction learning: enduring changes in occipital
cortex after a week of training. Hum. Brain Mapp. 35, 1201-1211. doi: 10.
1002/hbm.22245

Gilbert, C. D., and Li, W. (2012). Adult visual cortical plasticity. Neuron 75, 250—
264. doi: 10.1016/j.neuron.2012.06.030

Gilhotra, J. S., Mitchell, P, Healey, P. R., Cumming, R. G., and Currie, J. (2002).
Homonymous visual field defects and stroke in an older population. Stroke 33,
2417-2420. doi: 10.1161/01.5tr.0000037647.10414.d2

Goebel, R., Muckli, L., Zanella, F. E., Singer, W., and Stoerig, P. (2001). Sus-
tained extrastriate cortical activation without visual awareness revealed by fMRI
studies of hemianopic patients. Vision Res. 41, 1459—1474. doi: 10.1016/s0042-
6989(01)00069-4

Goodale, M. A., and Milner, A. D. (1992). Separate visual pathways for perception
and action. Trends Neurosci. 15, 20-25. doi: 10.1016/0166-2236(92)90344-8

Gray, C. S., French, J. M., Bates, D., Cartlidge, N. E., Venables, G. S., and James, O. F.
(1989). Recovery of visual fields in acute stroke: homonymous hemianopia asso-
ciated with adverse prognosis. Age Ageing 18, 419-421. doi: 10.1093/ageing/18.
6.419

Haak, K. V., Cornelissen, F. W., and Morland, A. B. (2012). Population receptive
field dynamics in human visual cortex. PLoS One 7:¢37686. doi: 10.1371/journal.
pone.0037686

Haak, K. V., Langers, D. R., Renken, R., van Dijk, P., Borgstein, J., and Cornelissen,
FE W. (2014). Abnormal visual field maps in human cortex: a mini-review and a
case report. Cortex 56, 14-25. doi: 10.1016/j.cortex.2012.12.005

Haerer, A. F. (1973). Visual field defects and the prognosis of stroke patients. Stroke
4,163-168. doi: 10.1161/01.str.4.2.163

Halko, M. A., Datta, A., Plow, E. B., Scaturro, J., Bikson, M., and Merabet, L. B.
(2011). Neuroplastic changes following rehabilitative training correlate with
regional electrical field induced with tDCS. Neuroimage 57, 885-891. doi: 10.
1016/j.neuroimage.2011.05.026

Henriksson, L., Raninen, A., Nisinen, R., Hyvirinen, L., and Vanni, S. (2007).
Training-induced cortical representation of a hemianopic hemifield. J. Neurol.
Neurosurg. Psychiatry 78, 74-81. doi: 10.1136/jnnp.2006.099374

Ho, Y. C., Cheze, A., Sitoh, Y. Y., Petersen, E. T., Goh, K. Y., Gjedde, A., et al. (2009).
Residual neurovascular function and retinotopy in a case of hemianopia. Ann.
Acad. Med. Singapore 38, 827-831.

Horton, J. C. (2005a). Disappointing results from Nova Vision’s visual restoration
therapy. Br. J. Ophthalmol. 89, 1-2. doi: 10.1136/bjo.2004.058214

Horton, J. C. (2005b). Vision restoration therapy: confounded by eye movements.
Br. J. Ophthalmol. 89, 792-794. doi: 10.1136/bjo.2005.072967

Hupe, J. M., James, A. C., Payne, B. R., Lomber, S. G., Girard, P., and Bullier, J.
(1998). Cortical feedback improves discrimination between figure and back-
ground by V1, V2 and V3 neurons. Nature 394, 784-787.

Huxlin, K. R. (2008). Perceptual plasticity in damaged adult visual systems. Vision
Res. 48, 2154-2166. doi: 10.1016/j.visres.2008.05.022

Huxlin, K. R., Martin, T., Kelly, K., Riley, M., Friedman, D. 1., Burgin, W. S.,
et al. (2009). Perceptual relearning of complex visual motion after V1 dam-
age in humans. J. Neurosci. 29, 3981-3991. doi: 10.1523/jneurosci.4882-08.
2009

Toannides, A. A., Poghosyan, V., Liu, L., Saridis, G. A., Tamietto, M., Op De Beeck,
M., et al. (2012). Spatiotemporal profiles of visual processing with and without

Frontiers in Integrative Neuroscience

www.frontiersin.org

September 2014 | Volume 8 | Article 74 | 11


http://www.inlb.qc.ca/librairies/sfv/telecharger.php?fichier=945
http://www.inlb.qc.ca/librairies/sfv/telecharger.php?fichier=945
http://www.frontiersin.org/Integrative_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Integrative_Neuroscience/archive

Urbanski et al.

Brain imaging of visual field defects

primary visual cortex. Neuroimage 63, 1464—1477. doi: 10.1016/j.neuroimage.
2012.07.058

Johansen-Berg, H., Baptista, C. S., and Thomas, A. G. (2012). Human structural
plasticity at record speed. Neuron 73, 1058-1060. doi: 10.1016/j.neuron.2012.
03.001

Julkunen, L., Tenovuo, O., Jddskeldinen, S., and Hamilidinen, H. (2003). Rehabilita-
tion of chronic post-stroke visual field defect with computer-assisted training: a
clinical and neurophysiological study. Restor. Neurol. Neurosci. 21, 19-28.

Kasten, E., and Sabel, B. A. (1995). Visual field enlargement after computer training
in brain-damaged patients with homonymous deficits: an open pilot trial.
Restor. Neurol. Neurosci. 8, 113—-127. doi: 10.3233/RNN-1995-8302

Kasten, E., Wuest, S., and Sabel, B. A. (1998a). Residual vision in transition zones in
patients with cerebral blindness. J. Clin. Exp. Neuropsychol. 20, 581-598. doi: 10.
1076/jcen.20.5.581.1129

Kasten, E., Wiist, S., Behrens-Baumann, W., and Sabel, B. A. (1998b). Computer-
based training for the treatment of partial blindness. Nat. Med. 4, 1083-1087.
doi: 10.1038/2079

Kentridge, R. W., Heywood, C. A., and Weiskrantz, L. (1997). Residual vision in
multiple retinal locations within a scotoma: implications for blindsight. J. Cogn.
Neurosci. 9, 191-202. doi: 10.1162/jocn.1997.9.2.191

Kerkhoff, G., Miinssinger, U., Haaf, E., Eberle-Strauss, G., and Stogerer, E. (1992).
Rehabilitation of homonymous scotomata in patients with postgeniculate dam-
age of the visual system: saccadic compensation training. Restor. Neurol. Neu-
rosci. 4, 245-254. doi: 10.3233/RNN-1992-4402

Kerkhoff, G., Miinssinger, U., and Meier, E. K. (1994). Neurovisual rehabilitation
in cerebral blindness. Arch. Neurol. 51, 474-481. doi: 10.1001/archneur.1994.
00540170050016

Kleiser, R., Wittsack, J., Niedeggen, M., Goebel, R., and Stoerig, P. (2001). Is V1
necessary for conscious vision in areas of relative cortical blindness? Neuroimage
13, 654—-661. doi: 10.1006/nimg.2000.0720

Levin, H. S. (2006). Neuroplasticity and brain imaging research: implications
for rehabilitation. Arch. Phys. Med. Rehabil. 87, S1. doi: 10.1016/j.apmr.2006.
09.010

Lovdén, M., Wenger, E., Martensson, J., Lindenberger, U., and Bickman, L. (2013).
Structural brain plasticity in adult learning and development. Neurosci. Biobe-
hav. Rev. 37, 2296-2310. doi: 10.1016/j.neubiorev.2013.02.014

Luria, A. R. (1963). Restoration of Function After Brain Injury. Oxford, UK: Perga-
mon Press.

Marshall, R. S., Ferrera, J. J., Barnes, A., Xian, Z., O’brien, K. A., Chmayssani, M.,
et al. (2008). Brain activity associated with stimulation therapy of the visual
borderzone in hemianopic stroke patients. Neurorehabil. Neural Repair 22, 136—
144. doi: 10.1177/1545968307305522

May, A. (2011). Experience-dependent structural plasticity in the adult human
brain. Trends Cogn. Sci. 15, 475-482. doi: 10.1016/j.tics.2011.08.002

Mohler, C. W., and Wurtz, R. H. (1977). Role of striate cortex and superior collicu-
lus in visual guidance of saccadic eye movements in monkeys. J. Neurophysiol.
40, 74-94.

Morland, A. B., Jones, S. R,, Finlay, A. L., Deyzac, E., L¢, S., and Kemp, S. (1999).
Visual perception of motion, luminance and colour in a human hemianope.
Brain 122, 1183-1198. doi: 10.1093/brain/122.6.1183

Morland, A. B., L¢, S., Carroll, E., Hoffmann, M. B., and Pambakian, A. (2004).
The role of spared calcarine cortex and lateral occipital cortex in the responses
of human hemianopes to visual motion. J. Cogn. Neurosci. 16, 204-218. doi: 10.
1162/089892904322984517

Morris, J. S., DeGelder, B., Weiskrantz, L., and Dolan, R. J. (2001). Differential
extrageniculostriate and amygdala responses to presentation of emotional faces
in a cortically blind field. Brain 124, 1241-1252. doi: 10.1093/brain/124.6.1241

Nelles, G., Widman, G., de Greiff, A., Meistrowitz, A., Dimitrova, A., Weber, J., et al.
(2002). Brain representation of hemifield stimulation in poststroke visual field
defects. Stroke 33, 1286—1293. doi: 10.1161/01.str.0000013685.76973.67

Niimi, Y., Kupersmith, M. J., Ahmad, S., Song, J., and Berenstein, A. (2008). Cortical
blindness, transient and otherwise, associated with detachable coil embolization
of intracranial aneurysms. AJNR Am. ]. Neuroradiol. 29, 603-607. doi: 10.
3174/ajnr.a0858

Pambakian, A. L., and Kennard, C. (1997). Can visual function be restored in
patients with homonymous hemianopia? Br. J. Ophthalmol. 81, 324-328. doi: 10.
1136/bjo.81.4.324

Papanikolaou, A., Keliris, G. A., Papageorgiou, T. D., Shao, Y., Krapp, E.,
Papageorgiou, E., et al. (2014). Population receptive field analysis of the primary

visual cortex complements perimetry in patients with homonymous visual field
defects. Proc. Natl. Acad. Sci. U S A 111, E1656-E1665. doi: 10.1073/pnas.
1317074111

Pegna, A. J., Khateb, A., Lazeyras, E, and Seghier, M. L. (2005). Discriminating
emotional faces without primary visual cortices involves the right amygdala.
Nat. Neurosci. 8, 24-25. doi: 10.1038/nn1364

Peli, E. (2000). Field expansion for homonymous hemianopia by optically induced
peripheral exotropia. Optom. Vis. Sci. 77, 453—464. doi: 10.1097/00006324-
200009000-00006

Perez, C., Cavézian, C., Peyrin, C., Coubard, O., Doucet, G., Andersson, E, et al.
(2009). Plasticité des aires visuelles corticales apreés une lésion rétrochiasma-
tique: approche en neuro-imagerie. Rev. Neuropsychol. 1, 1-7. doi: 10.3917/
rne.013.0254

Perez, C., Peyrin, C., Cavézian, C., Coubard, O., Caetta, F, Raz, N,, et al. (2013).
An FMRI investigation of the cortical network underlying detection and cate-
gorization abilities in hemianopic patients. Brain Topogr. 26, 264-277. doi: 10.
1007/s10548-012-0244-z

Pleger, B., Foerster, A. E, Widdig, W., Henschel, M., Nicolas, V., Jansen, A.,
et al. (2003). Functional magnetic resonance imaging mirrors recovery of
visual perception after repetitive tachistoscopic stimulation in patients with
partial cortical blindness. Neurosci. Lett. 335, 192-196. doi: 10.1016/s0304-
3940(02)01153-9

Plow, E. B., Obretenova, S. N., Halko, M. A., Kenkel, S., Jackson, M. L., Pascual-
Leone, A., et al. (2011). Combining visual rehabilitative training and nonin-
vasive brain stimulation to enhance visual function in patients with hemi-
anopia: a comparative case study. PM R 3, 825-835. doi: 10.1016/j.pmrj.2011.
05.026

Plow, E. B., Obretenova, S. N., Jackson, M. L., and Merabet, L. B. (2012). Temporal
profile of functional visual rehabilitative outcomes modulated by transcranial
direct current stimulation. Neuromodulation 15, 367-373. doi: 10.1111/.1525-
1403.2012.00440.x

Polonara, G., Salvolini, S., Fabri, M., Mascioli, G., Cavola, G. L., Neri, P, et al.
(2011). Unilateral visual loss due to ischaemic injury in the right calcarine
region: a functional magnetic resonance imaging and diffusion tension imag-
ing follow-up study. Int. Ophthalmol. 31, 129-134. doi: 10.1007/s10792-011-
9420-5

Pommerenke, K., and Markowitsch, H. J. (1989). Rehabilitation training of
homonymous visual field defects in patients with postgeniculate damage of the
visual system. Restor. Neurol. Neurosci. 1, 47-63. doi: 10.3233/RNN-1989-1106

Popelreuter, W. (1917). “Band I: die stérungen der niederen und hoheren sehleis-
tungen durch Verletzungen des okzipitalhirns,” in Die Psychischen Schiidigungen
Durch Kopfschub Im Kriege 1914/16, (Leipzig: L. Voss), 25-72.

Poppel, E., Brinkmann, R., von Cramon, D., and Singer, W. (1978). Association and
dissociation of visual functions in a case of bilateral occipital lobe infarction.
Arch. Psychiatr. Nervenkr. 225, 1-21. doi: 10.1007/bf00367348

Pouget, M. C., Lévy-Bencheton, D., Prost, M., Tilikete, C., Husain, M., and Jacquin-
Courtois, S. (2012). Acquired visual field defects rehabilitation: critical review
and perspectives. Ann. Phys. Rehabil. Med. 55, 53—74. doi: 10.1016/j.rehab.2011.
05.006

Ptito, M., Johannsen, P, Faubert, J., and Gjedde, A. (1999). Activation of human
extrageniculostriate pathways after damage to area V1. Neuroimage 9, 97-107.
doi: 10.1006/nimg.1998.0390

Raemaekers, M., Bergsma, D. P., van Wezel, R. J., van der Wildt, G. J., and van
den Berg, A. V. (2011). Effects of vision restoration training on early visual
cortex in patients with cerebral blindness investigated with functional magnetic
resonance imaging. J. Neurophysiol. 105, 872—882. doi: 10.1152/jn.00308.2010

Rafal, R. D., Posner, M. 1., Friedman, J. H., Inhoff, A. W., and Bernstein, E. (1988).
Orienting of visual attention in progressive supranuclear palsy. Brain 111, 267—
280. doi: 10.1093/brain/111.2.267

Raninen, A., Vanni, S., Hyvirinen, L., and Nisinen, R. (2007). Temporal sensitivity
in a hemianopic visual field can be improved by long-term training using flicker
stimulation. J. Neurol. Neurosurg. Psychiatry 78, 66-73. doi: 10.1136/jnnp.2006.
099366

Raposo, N., Cauquil, A. S., Albucher, J. E, Acket, B., Celebrini, S., Pariente, J.,
et al. (2011). Poststroke conscious visual deficit: clinical course and changes
in cerebral activations. Neurorehabil. Neural Repair 25, 703-710. doi: 10.
1177/1545968311407520

Reinhard, J., Schreiber, A., Schiefer, U., Kasten, E., Sabel, B. A., Kenkel, S., et al.
(2005). Does visual restitution training change absolute homonymous visual

Frontiers in Integrative Neuroscience

www.frontiersin.org

September 2014 | Volume 8| Article 74 | 12


http://www.frontiersin.org/Integrative_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Integrative_Neuroscience/archive

Urbanski et al.

Brain imaging of visual field defects

field defects? A fundus controlled study. Br. J. Ophthalmol. 89, 30-35. doi: 10.
1136/bj0.2003.040543

Reitsma, D. C., Mathis, J., Ulmer, J. L., Mueller, W., Maciejewski, M. J., and DeYoe,
E. A. (2013). Atypical retinotopic organization of visual cortex in patients with
central brain damage: congenital and adult onset. J. Neurosci. 33, 13010-13024.
doi: 10.1523/JNEUROSCI.0240-13.2013

Ro, T., and Rafal, R. (2006). Visual restoration in cortical blindness: insights
from natural and TMS-induced blindsight. Neuropsychol. Rehabil. 16, 377-396.
doi: 10.1080/09602010500435989

Ross, N. C., Bowers, A. R., and Peli, E. (2012). Peripheral prism glasses: effects
of dominance, suppression and background. Optom. Vis. Sci. 89, 1343-1352.
doi: 10.1097/0PX.0b013e3182678d99

Roth, T., Sokolov, A. N., Messias, A., Roth, P., Weller, M., and Trauzettel-Klosinski,
S. (2009). Comparing explorative saccade and flicker training in hemianopia:
a randomized controlled study. Neurology 72, 324-331. doi: 10.1212/01.wnl.
0000341276.65721.f2

Rowe, E. J., Wright, D., Brand, D., Jackson, C., Harrison, S., Maan, T., et al. (2013).
A prospective profile of visual field loss following stroke: prevalence, type,
rehabilitation and outcome. Biomed. Res. Int. 2013:719096. doi: 10.1155/2013/
719096

Sabel, B. A., Henrich-Noack, P., Fedorov, A., and Gall, C. (2011). Vision restoration
after brain and retina damage: the “residual vision activation theory”. Prog.
Brain Res. 192, 199-262. doi: 10.1016/b978-0-444-53355-5.00013-0

Sahraie, A. (2007). Induced visual sensitivity changes in chronic hemianopia. Curr.
Opin. Neurol. 20, 661-666. doi: 10.1097/wco.0b013e3282f1c70f

Sahraie, A., Hibbard, P. B., Trevethan, C. T., Ritchie, K. L., and Weiskrantz, L.
(2010). Consciousness of the first order in blindsight. Proc. Natl. Acad. Sci. U
SA107,21217-21222. doi: 10.1073/pnas.1015652107

Sahraie, A., Weiskrantz, L., Barbur, J. L., Simmons, A., Williams, S. C., and
Brammer, M. J. (1997). Pattern of neuronal activity associated with conscious
and unconscious processing of visual signals. Proc. Natl. Acad. Sci. U S A 94,
9406—9411. doi: 10.1073/pnas.94.17.9406

Schoenfeld, M. A., Noesselt, T., Poggel, D., Tempelmann, C., Hopf, J. M., Woldorff,
M. G, etal. (2002). Analysis of pathways mediating preserved vision after striate
cortex lesions. Ann. Neurol. 52, 814—824. doi: 10.1002/ana.10394

Schuett, S., Kentridge, R. W,, Zihl, J., and Heywood, C. A. (2009). Adaptation
of eye-movements to simulated hemianopia in reading and visual explo-
ration: transfer or specificity? Neuropsychologia 47, 1712—1720. doi: 10.1016/j.
neuropsychologia.2009.02.010

Silvanto, J., Cowey, A., Lavie, N., and Walsh, V. (2007). Making the blindsighted
see. Neuropsychologia 45, 3346-3350. doi: 10.1016/j.neuropsychologia.2007.06.
008

Silvanto, J., Lavie, N., and Walsh, V. (2005). Double dissociation of V1 and
V5/MT activity in visual awareness. Cereb. Cortex 15, 1736-1741. doi: 10.
1093/cercor/bhi050

Silvanto, J., Walsh, V., and Cowey, A. (2009). Abnormal functional con-
nectivity between ipsilesional V5/MT+ and contralesional striate cortex
(V1) in blindsight. Exp. Brain Res. 193, 645-650. doi: 10.1007/s00221-009-
1712-x

Sincich, L. C., Park, K. E,, Wohlgemuth, M. J., and Horton, J. C. (2004). Bypassing
VI: a direct geniculate input to area MT. Nat. Neurosci. 7, 1123-1128. doi: 10.
1038/nn1318

Slotnick, S. D., and Moo, L. R. (2003). Retinotopic mapping reveals extrastriate
cortical basis of homonymous quadrantanopia. Neuroreport 14, 1209-1213.
doi: 10.1097/00001756-200307010-00004

Stoerig, P. (1987). Chromaticity and achromaticity. Evidence for a functional dif-
ferentiation in visual field defects. Brain 110, 869—886. doi: 10.1093/brain/110.
4.869

Stoerig, P. (2006). Blindsight, conscious vision and the role of primary visual cortex.
Prog. Brain Res. 155, 217-234. doi: 10.1016/s0079-6123(06)55012-5

Stoerig, P., and Cowey, A. (1989). Wavelength sensitivity in blindsight. Nature 342,
916-918. doi: 10.1038/342916a0

Stoerig, P, and Cowey, A. (1991). Increment-threshold spectral sensitivity in
blindsight. Evidence for colour opponency. Brain 114, 1487-1512. doi: 10.
1093/brain/114.3.1487

Stoerig, P., and Cowey, A. (1995). Visual perception and phenomenal conscious-
ness. Behav. Brain Res. 71, 147-156. doi: 10.1016/0166-4328(95)00050-x

Stoerig, P., and Cowey, A. (1997). Blindsight in man and monkey. Brain 120, 535—
559. doi: 10.1093/brain/120.3.535

Stoerig, P., Kleinschmidt, A., and Frahm, J. (1998). No visual responses in
denervated V1: high-resolution functional magnetic resonance imaging of a
blindsight patient. Neuroreport 9, 21-25. doi: 10.1097/00001756-199801050-
00005

Tamietto, M., Cauda, F., Corazzini, L. L., Savazzi, S., Marzi, C. A., Goebel, R., et al.
(2010). Collicular vision guides nonconscious behavior. J. Cogn. Neurosci. 22,
888-902. doi: 10.1162/jocn.2009.21225

Tamietto, M., and de Gelder, B. (2008). Affective blindsight in the intact brain:
neural interhemispheric summation for unseen fearful expressions. Neuropsy-
chologia 46, 820-828. doi: 10.1016/j.neuropsychologia.2007.11.002

Tamietto, M., and de Gelder, B. (2010). Neural bases of the non-conscious percep-
tion of emotional signals. Nat. Rev. Neurosci. 11, 697-709. doi: 10.1038/nrn2889

Tamietto, M., Pullens, P., de Gelder, B., Weiskrantz, L., and Goebel, R. (2012).
Subcortical connections to human amygdala and changes following destruc-
tion of the visual cortex. Curr. Biol. 22, 1449-1455. doi: 10.1016/j.cub.2012.
06.006

Tononi, G., and Edelman, G. M. (1998). Consciousness and complexity. Science
282, 1846-1851.

Trauzettel-Klosinski, S. (2011). Rehabilitative techniques. Handb. Clin. Neurol. 102,
263-278. doi: 10.1016/B978-0-444-52903-9.00016-9

Trevethan, C. T., and Sahraie, A. (2003). Spatial and temporal processing in a
subject with cortical blindness following occipital surgery. Neuropsychologia 41,
1296-1306. doi: 10.1016/s0028-3932(03)00049-6

Trevethan, C. T., Sahraie, A., and Weiskrantz, L. (2007). Form discrimina-
tion in a case of blindsight. Neuropsychologia 45, 2092-2103. doi: 10.1016/j.
neuropsychologia.2007.01.022

Vaina, L. M., Cowey, A., Eskew, R. T. Jr., LeMay, M., and Kemper, T. (2001).
Regional cerebral correlates of global motion perception: evidence from uni-
lateral cerebral brain damage. Brain 124, 310-321. doi: 10.1093/brain/124.2.310

Valero-Cabré, A., Pascual-Leone, A., and Coubard, O. A. (2011). Transcranial
magnetic stimulation (TMS) in basic and clinical neuroscience research. Rev.
Neurol. (Paris) 167, 291-316. doi: 10.1016/j.neurol.2010.10.013

Van den Stock, J., Tamietto, M., Hervais-Adelman, A., Pegna, A. J., and de
Gelder, B. (2013). Body recognition in a patient with bilateral primary visual
cortex lesionscorrespondence. Biol. Psychiatry doi: 10.1016/j.biopsych.2013.06.
023. [Epub ahead of print].

Van den Stock, J., Tamietto, M., Sorger, B., Pichon, S., Grézes, J., and de Gelder,
B. (2011). Cortico-subcortical visual, somatosensory and motor activations for
perceiving dynamic whole-body emotional expressions with and without striate
cortex (V1). Proc. Natl. Acad. Sci. U S A 108, 16188-16193. doi: 10.1073/pnas.
1107214108

Van den Stock, J., Tamietto, M., Zhan, M., Heinecke, A., Hervais-Adelman, A.,
Legrand, L. B., et al. (2014). Neural correlates of body and face perception
following bilateral destruction of the primary visual cortices. Front. Behav.
Neurosci. 8:30. doi: 10.3389/fnbeh.2014.00030

Vanni, S., Raninen, A., Nisinen, R., Tanskanen, T., and Hyvirinen, L. (2001).
Dynamics of cortical activation in a hemianopic patient. Neuroreport 12, 861—
865. doi: 10.1097/00001756-200103260-00047

Wandell, B. A., and Smirnakis, S. M. (2009). Plasticity and stability of visual field
maps in adult primary visual cortex. Nat. Rev. Neurosci. 10, 873—-884. doi: 10.
1038/nrn2741

Weiskrantz, L. (1986). Blindsight: A Case Study and Implications. Oxford, UK:
Clarendon Press.

Weiskrantz, L. (1996). Blindsight revisited. Curr. Opin. Neurobiol. 6, 215-220.
doi: 10.1016/50959-4388(96)80075-4

Weiskrantz, L. (2004). Roots of blindsight. Prog. Brain Res. 144, 229-241. doi: 10.
1016/S0079-6123(03)14416-0

Weiskrantz, L., Warrington, E. K., Sanders, M. D., and Marshall, J. (1974). Visual
capacity in the hemianopic field following a restricted occipital ablation. Brain
97, 709-728. doi: 10.1093/brain/97.1.709

Yoshida, M., Ida, M., Nguyen, T. H., Iba-Zizen, M. T., Bellinger, L., Stievenart,
J. L., et al. (2006). Resolution of homonymous visual field loss documented with
functional magnetic resonance and diffusion tensor imaging. J. Neuroophthal-
mol. 26, 11-17. doi: 10.1097/01.wno.0000205620.60510.01

Zeki, S. (1991). Cerebral akinetopsia (visual motion blindness). A review. Brain
114, 811-824. doi: 10.1093/brain/114.2.811

Zeki, S., and Ffytche, D. H. (1998). The Riddoch syndrome: insights into
the neurobiology of conscious vision. Brain 121, 25-45. doi: 10.1093/brain/
121.1.25

Frontiers in Integrative Neuroscience

www.frontiersin.org

September 2014 | Volume 8 | Article 74 | 13


http://www.frontiersin.org/Integrative_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Integrative_Neuroscience/archive

Urbanski et al.

Brain imaging of visual field defects

Zhang, X., Kedar, S., Lynn, M. J., Newman, N. J., and Biousse, V. (2006a). Homony-
mous hemianopias: clinical-anatomic correlations in 904 cases. Neurology 66,
906-910. doi: 10.1212/01.wnl.0000203913.12088.93

Zhang, X., Kedar, S., Lynn, M. J., Newman, N. J., and Biousse, V. (2006b). Natural
history of homonymous hemianopia. Neurology 66, 901-905. doi: 10.1212/01.
wnl.0000203338.54323.22

Zihl, J. (1981). Recovery of visual functions in patients with cerebral blindness.
Effect of specific practice with saccadic localization. Exp. Brain Res. 44, 159—169.
doi: 10.1007/bf00237337

Zihl, J. (2000). Rehabilitation of Visual Disorders after Brain Injury. Hove, UK:
Psychology Press.

Zihl, J., and von Cramon, D. (1979). Restitution of visual function in patients
with cerebral blindness. J. Neurol. Neurosurg. Psychiatry 42, 312-322. doi: 10.
1136/jnnp.42.4.312

Zihl, J., and von Cramon, D. (1982). Restitution of visual field in patients
with damage to the geniculostriate visual pathway. Hum. Neurobiol. 1,
5-8.

Zihl, J., and von Cramon, D. (1985). Visual field recovery from scotoma in patients
with postgeniculate damage. A review of 55 cases. Brain 108, 335-365. doi: 10.
1093/brain/108.2.335

Zihl, J., von Cramon, D., Mai, N., and Schmid, C. (1991). Disturbance of movement
vision after bilateral posterior brain damage. Further evidence and follow up
observations. Brain 114, 2235-2252. doi: 10.1093/brain/114.5.2235

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 08 April 2014; accepted: 03 September 2014; published online: 30 September
2014.

Citation: Urbanski M, Coubard OA and Bourlon C (2014) Visualizing the blind brain:
brain imaging of visual field defects from early recovery to rehabilitation techniques.
Front. Integr. Neurosci. 8:74. doi: 10.3389/fnint.2014.00074

This article was submitted to the journal Frontiers in Integrative Neuroscience.
Copyright © 2014 Urbanski, Coubard and Bourlon. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Integrative Neuroscience

www.frontiersin.org

September 2014 | Volume 8| Article 74 | 14


http://dx.doi.org/10.3389/fnint.2014.00074
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Integrative_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Integrative_Neuroscience/archive

	Visualizing the blind brain: brain imaging of visual field defects from early recovery to rehabilitation techniques
	Introduction
	Early spontaneous recovery
	Residual vision in the chronic phase
	Spared cortical islands of V1
	Extra-geniculostriate pathways (or subcortical routes)
	Interhemispheric connections (callosal and non callosal)

	Cortical reorganization/Plasticity
	Reorganization after rehabilitation
	Rehabilitation by borderzone stimulation
	Rehabilitation by blindsight

	Conclusion
	Acknowledgments
	References


