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The aim of this review is to discuss the existing evidence supporting different processes of visual
brain plasticity after early damage, as opposed to damage that occurs during adulthood. There is
initial evidence that some of the neuroplastic mechanisms adopted by the brain after early
damage to the visual system are unavailable at a later stage. These are, for example, the ability to
differentiate functional tissue within a larger dysplastic cortex during its formation, or to develop
new thalamo-cortical connections able to bypass the lesion and reach their cortical destination in
the occipital cortex. The young brain also uses the same mechanisms available at later stages of
development but in a more efficient way. For example, in people with visual field defects of central
origin, the anatomical expansion of the extrastriatal visual network is greater after an early lesion
than after a later one, which results in more efficient mechanisms of visual exploration of the blind
field. A similar mechanism is likely to support some of the differences found in people with blind-
sight, the phenomenon of unconscious visual perception in the blind field. In particular, compared

with people with late lesions, those with early brain damage appear to have stronger subjective
awareness of stimuli hitting the blind visual field, reported as a conscious feeling that something
is present in the visual field. Expanding our knowledge of these mechanisms could help the
development of early therapeutic interventions aimed at supporting and enhancing visual
reorganization at a time of greatest potential brain plasticity.

Brain plasticity consists of the modifications to the central
nervous system in response to environmental stimulation,
which allow us to learn new skills, remember new information,
and recover from brain injury." Mechanisms of neuronal plas-
ticity are more powerful during early development. For exam-
ple, children are faster than adults in learning a new language
or in achieving complex skills such as playing a musical instru-
ment.” Similarly, children lacking proper environmental
inputs early in life are more susceptible to an abnormal devel-
opment of the functions related to those inputs (the principle
of sensitive periods®).

The presence of more powerful mechanisms of neuronal
plasticity during early development should imply that recovery
from brain damage is more effective after early lesions than
after lesions occurring later in life. This principle was first sug-
gested by Paul Broca in 1865% and then more systematically
explored by Margaret Kennard in the late 1930s.” Since then,
most of the studies of different species have supported this
general principle, although describing a more complex picture,
which takes into consideration several other aspects beyond
timing of the insult, including the location and extension of
injury (e.g. focal versus diffuse), the clinical phenotype (e.g.
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presence of seizures), or the genetic susceptibility of the indi-
vidual b Today, there is general agreement that the way the
brain reacts to damage is influenced by the timing of the
insult, as in the domain of language, and for the motor system,
the somatosensory system and, to a lesser extent, the visual
system.”

One of the first people to report an influence of the
timing of brain damage on visual outcome was Hans-Lukas
Teuber® in his 1975 study on 520 males with known brain
injuries sustained in the Second World War. He observed
how the longitudinal improvement of visual field impair-
ment was more marked in the soldiers who sustained
wounds in their late teens than in those who were older,
and concluded that ‘the extent of recovery is correlated with
age at the time of trauma, the youngest faring best’. Several
other studies have contributed to the subject since then. In
the present review we will summarize current knowledge on
the plasticity of the visual system after early brain damage,
focusing on post-chiasmatic lesions, as damage to pre-
chiasmatic structures can be assimilated, to a great extent,
to peripheral abnormalities, which are beyond the target
of this review.
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VISUAL DISORDERS IN CHILDREN WITH EARLY

BRAIN LESIONS

More than 20 years ago, the expression ‘cortical visual impair-
ment’ (with the term ‘cortical’ eventually replaced by ‘cere-
bral’) was introduced to replace the term ‘cortical blindness’.”
This was to emphasize the differences between the profound
vision loss observed in adults with damage to the central visual
system, as opposed to the lesser visual impairment observed in
children with congenital brain damage. Since then, interest in
this field has grown enormously for several reasons. First, new
tools have been developed to assess visual functions as early as
the first days of life, based on simple behavioural tests measur-
ing visual acuity, contrast sensitivity, visual fields, ocular
motility, fixation shift, and attention at distance.'®! Second,
improvement in advanced brain imaging techniques has
allowed a detailed evaluation of the type and extent of brain
damage immediately after birth.'? This has made it possible to
explore and follow longitudinally the correlation between
brain damage and development of visual functions from the
very early phases of development, significantly improving our
understanding of the pathogenetic mechanisms of cerebral
visual impairment.'?

Pathogenesis of damage and vulnerability of the visual
system

Many different conditions can expose the fetus or the newborn
infant to brain damage. The type of lesion varies greatly
according to the timing at which the insult occurred.'*

During the first weeks of gestation, an insult generally
results in malformation of cortical development.'> Dysplastic
tissue can involve visual structures, but the lesions are so heter-
ogeneous in terms of extent and distribution that the corre-
sponding visual impairment can be extremely variable. Also,
functional visual tissue can develop within the dysplastic cor-
tex, allowing significant levels of visual sparing.'® These fac-
tors make the predicdon of visual outcome from early
neuroimaging very difficult.

Early in the third trimester of gestation, the brain can be
very vulnerable, especially when exposed to intrauterine infec-
tion, or in association with intrauterine growth retardation or
multiple pregnancies.”” Infants born preterm have an
increased prevalence of visual impairment, which is related to
the risk of ophthalmological abnormalities (e.g. retinopathy of
prematurity),'® and to the susceptibility of the white matter
surrounding the ventricles, the site where, in normal condi-
tions, geniculo-striate pathways are located (the optic radia-
tions).'” ! Using a combined clinical and imaging approach,
it was shown that the presence and severity of visual abnormal-
ities are related to the severity and the extent of the lesion (see
Jacobson and Dutton®! for a review; see also Kok et al.??). In
infants with intraventricular haemorrhage, abnormalities of
visual function are less common and generally less severe.”
Permanent effects may be present in cases complicated by ven-
tricular dilation®* or by parenchymal involvement (grade IV
lesions), although in the latter case the incidence might be
lower than expected owing to effective mechanisms of plastic
reorganization (see below).
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What this paper adds

e |t reviews the state of knowledge on the mechanisms of visual plasticity after
early brain damage.

e |t provides evidence of new mechanisms of reorganization.

e |t provides new examples of the application of advanced brain imaging
techniques in the study of structural reorganization of visual function.

Around term age, and during the preterm period, ischaemic
stroke can occur, often related to transient or genetic pro-
thrombotic abnormalities of coagulation.”” In infants with
neonatal stroke, the correlation between neurobehavioural
visual tests and neonatal magnetic resonance imaging (MRI) is
not always consistent.”® Although acuity and ocular move-
ments are usually normal, other aspects of visual function,
such as visual fields and visual attention, can be impaired.
When the same infants are tested at school age, the proportion
of children with visual abnormalities is lower than at the early
assessment.”” The low incidence of abnormal visual functions
in children after cortical infarction, compared with adults with
similar lesions, may be related to the existence of effective
mechanisms of plasticity of the visual structures. This is
evidenced by the presence of normal vision in children with
damaged optic radiations and visual cortex.

Acute brain asphyxia typically occurs at term age.”® Tt
usually results in a bilateral injury primarily involving the deep
grey matter and the cortex, starting from the early myelinated
perirolandic region.'? The presence and severity of abnormali-
ties of various aspects of visual function are correlated with the
pattern of brain lesions on neonatal MRI rather than the
severity of the hypoxic insult at birth.”**° Not surprisingly,
there is a strong association between visual impairment and
involvement of basal ganglia and thalamus, where important
subcortical visual structures are located, even when the
involvement of subcortical nuclei is not associated with signifi-
cant parenchymal or cortical damage.’’

Many other types of brain damage can be observed, both
during intrauterine life or after birth, which involve the central
visual structures, including hydrocephalus, meningo-encepha-
litis, neonatal hypoglycemia, or traumatic encephalopathy.*?7*
Visual disorders are also among the most common clinical
signs in infantile epileptic encephalopathies, such as in West
syndrome.”

From the numerous studies exploring vision in individuals
with early brain damage it can be concluded that visual impair-
ment is common. Nevertheless, the correlation between the
site of damage to the visual system and the corresponding
functional picture is less definite than in individuals with
lesions occurring at a later stage.’® This is likely to be related
to the different plastic potentials of the young brain, as we will
highlight in the following sections.

IS RECOVERY OF NORMAL CONSCIOUS VISION
POSSIBLE?

Full conscious vision relies on the integrity of the pathway
between the retina and the primary visual cortex’’ (Fig. 1). To
demonstrate the existence of a mechanism of cerebral plastic-
ity that is able to restore normal conscious vision three criteria
should be satisfied: (1) the documented damage to the retino-
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Figure 1: Schematic representation of major visual pathways. The retino-
geniculo-striate and the post-striatal pathways are shown in white. The
retino-tectal pathway and the connection to the extrastriatal visual areas
are shown in black. The interconnections between parietal and temporal
extrastriatal visual areas are shown in grey. LGN, lateral geniculate
nucleus; Pu, pulvinar complex; SC, superior colliculus.

geniculo-striate pathway; (2) the specific loss of conscious
vision in part or whole of the visual field (the loss must be spe-
cific in the sense that it does not depend on abnormalities of
other functions, such as cognition or attention); (3) the sub-
sequent partial or total recovery of the previously lost func-
tion, possibly accompanied by the documented change of
brain structure or activity.

There is little evidence that this type of plastic reorganiza-
tion, i.e. changes in conscious perception in the blind field
over time, can be found in adults with brain damage.’® A lim-
ited enlargement of the visual field can be commonly observed
within the first few weeks after the insult. It results from the
resolution of transient dysfuncton of the perilesional ts-
sue,””™ or from changes in the properties of neural circuits
adjoining the lesion, such as excitability, receptive field size,
and channel properties.*' After this first spontaneous recovery,
there is some evidence that intensive training can further
increase visual field size by a few degrees, by recruiting poten-
tially intact but under-performing visual circuits.*** How-
ever, a recent systematic review concluded that there is no
evidence that such a limited enlargement of visual field results
in better ocular motor scanning strategies and leads to a better
performance of daily-life activities.* Indeed, most of the
modifications in visual behaviour observed after acquired
brain damage are not the result of a direct recovery of lost
vision, but rather the effect of compensatory visuomotor
strategies. ¢

Normal vision after early damage to primary visual cortex

Is there evidence of restoration of normal conscious vision
when the lesion occurs in the very early phases of develop-
ment? In individuals with early brain damage it is extremely
hard to document a specific and non-permanent loss of con-
scious vision after damage. This is owing to the lack of active
collaboration during early assessments and the necessity to

rely on behavioural responses, which are less reliable and more
influenced by attention. In addition, functional responses to
the same test can be related to different underlying mecha-
nisms at different stages of development, making the compari-
son between subacute and chronic phases of recovery
potentially misleading. An example might clarify this concept.
In 1996, Mercuri et al.*® assessed visual field by kinetic peri-
metry in a cohort of infants with perinatal arterial stroke,
reporting a high percentage of field defects. The follow-up
study of the same cohort at school age using the same visual
field test showed a complete recovery in all of those who had
previously shown a defect.”” This could well be the effect of
plastic reorganization of the geniculo-striate pathway, but a
different interpretation is more likely. During the first months
of life, visual fields are tested by first attracting the attention of
the infant to the midline. The infant is then required to disen-
gage attention from the central to a newly presented periph-
eral stimulus, a task requiring the integrity of other cortical
areas involved in shift of visual attention. Hence, the different
behaviour observed at school age in infants with earlier appar-
ent visual field restriction is likely to be the result of the matu-
ration or recovery of the ability to shift attention, rather than
the actual enlargement of the visual fields. This is also sup-
ported by the finding in that study that all six children who
had abnormal fields in the first year of life showed parietal
lesions on MRI with sparing of the optic radiations and
primary visual cortex, and that five of the six also had abnor-
mal responses to a specific fixation shift test in infancy.?’

To address whether individuals with early brain damage can
show recovery of visual perception, another approach should
be used. This is the demonstration of normal conscious vision
in the presence of structural damage to the visual system that
is so obvious to rule out the hypothesis that normal vision
could be preserved without a process of plastic reorganization.
In principle, the types of brain lesions more likely to be associ-
ated with an effective reorganization of the visual cortex are
the malformations of cortical development, as they develop
during the very early phases of gestation when brain plasticity
is thought to be highest. Cortical malformations of the occipi-
tal lobes are not always associated with visual field defects.*’°
The underlying mechanisms are thought to be related to the
presence of functioning tissue within the lesion (Fig. 2). In a
recent study, three individuals with bilateral parasagittal
occipital polymicrogyria and normal vision were analysed with
retinotopic mapping.'® Normal cortical responses and organi-
zation of early visual areas were found, suggesting that dys-
plastic tissue can be actively involved in the processing of
visual information, presumably because of plastic reorganiza-
tion within the polymicrogyric cortex. Similar conclusions
were reached by other authors studying patients with cortical
malformations’' or with perinatal incomplete lesions of the
primary visual cortex.’? In keeping with this is the finding of
an increased risk of visual field defects after removal of
dysplastic tissue in the occipital cortex.’*”* Tt is of note,
however, that this happens with a frequency that is lower than
expected, suggesting forms of reorganization outside the
boundaries of the striate cortex.*
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Figure 2: Possible mechanisms of functional reorganization underlying
recovery of normal conscious vision in individuals with congenital brain
damage. (a) Damage involves the primary visual cortex, but functional tis-
sue is still present within the lesion;'®%"? (b) Primary visual function is
reorganized in areas of the occipital lobe that are outside the usual
boundaries of the primary visual cortex;® (c) The geniculo-striate pathway

curve around the lesion bypassing it, and reach the calcarine cortex.®%

The possibility that early cortical damage to the primary
visual cortex can result in its displacement to another region of
the brain, which in normal conditions would not be in charge
of conscious visual processing, is fascinating. The evidence
that this could happen is, however, very weak. To the best of
our knowledge, only one case reported in the literature sug-
gests this type of plastic reorganization after a brain malforma-
tion of the occipital cortex.”> This was a child with a right
occipital cortical dysplasia, diagnosed when she was 12 years
old after the onset of epileptic seizures. Despite normal visual
fields (assessed by Goldmann perimetry), visual-evoked poten-
tials showed a dislocation of P100 responses in the affected
hemisphere towards the contiguous temporal and parietal
regions, and functional MRI (fMRI) revealed cerebral activity
in the same regions, suggesting a true dislocation of primary
visual structures in areas outside the striate cortex. Another
interesting case was described by Lambert et al. in 1990.°° A
child with a silent prenatal and perinatal history was found to
be inattentive to one side at around the age of 6 weeks. The
follow-up showed a normalization of the clinical picture with
no detectable visual defect from the age of 9 months, and sub-
sequent MRI documented a right occipital lobe hypoplasia. In
this case, however, no visual mapping was performed, hinder-
ing full understanding of the underlying mechanisms of recov-
ery. Based on the studies available in individuals with
congenital brain damage, the possibility that primary visual
function (i.e. full conscious vision), can be effectively processed
by structures outside the boundaries of the classic primary
visual cortex is still far from being demonstrated, and it is, in
the best of the cases, the exception rather than the rule.
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Normal vision after early damage to the geniculo-striate
pathway

During early brain development, and in particular early in the
third trimester of gestation, white matter can be particularly
vulnerable to insult, exposing to injury the developing
thalamo-cortical fibres, including the optic radiations. This is
true in both bilateral periventricular ischaemic lesions and uni-
lateral periventricular hemorrhagic infarction. At this stage of
brain development, the plasticity of thalamo-cortical afferents
is conspicuous. The afferents from the subplate zone are stll
migrating into the cortical plate, and there is a significant
amount of growth-promoting molecules and axonal guidance
cues, related to an increased expression of genes coding for
such molecules.’” This particular environment gives the brain
additional potental strategies for plastic reorganization,
especially when the periventricular damage is focal, such as for
unilateral periventricular infarcdon. The somatosensory
function, for example, was shown to be particularly resistant to
brain damage in individuals with early brain lesions, both in
terms of functional reorganization and topography of its
cortical representations.”™” The underlying mechanisms were
studied with diffusion tractography, a novel methodology that
uses non-invasive brain MRI data to reconstruct the white
matter pathway in the living brain. This is an indirect measure,
as it implies the presence of fibre bundles along the path of
least resistance to water diffusion. However, when correlated
with electrophysiological or functional data, it provides impor-
tant information on white matter anatomy. A recent study
combining magneto-encephalography and diffusion tractogra-
phy provided convincing evidence that, in patients with
presumed preterm damage of the periventricular white matter,
somatosensory projections might still develop after the lesion
has occurred and bypass it to reach their cortical destination in
the postcentral gyrus.®® Using the same technique, we recently
found some evidence that a similar process can be observed in
the visual system of patents with unilateral periventricular
brain damage early in the third trimester of gestation. One of
these was a patient who showed normal visual fields despite a
large lesion of the left periventricular white matter involving
most of the tissue where optic radiations would normally sit
(see Fig. 3). Diffusion tensor tractography showed how the
trajectories of the optic radiations in the affected hemisphere
deviated from their normal course, bypassing the cystic lesion
and reaching their final target in the occipital lobe. These find-
ings are consistent with animal studies,”' % but also with post-
mortem findings in human fetuses showing that developing
geniculo-striate axons after mid-gestation ‘wait’ in the subplate
for weeks before entering the cortical plate.%*

The exact characteristics and limits of this specific type of
plasticity involving the thalamo-cortical pathway are far from
being understood. It is hard to define the critical time window
at which this type of reorganization is most effective. Some data
suggest that at least up to term age, structural modifications of
the geniculo-striate pathway can support functional reorganiza-
tion of the visual system. Seghier et al.®***® recently studied
longitudinally an infant with perinatal left arterial stroke, spar-



Figure 3: Diffusion tensor tractography of the optic radiations of a patient overlaid on a co-registered DW image. Fibre tracking was obtained using two

regions of interest for each hemisphere at the level of the lateral geniculate bodies and of the calcarine cortex. Left image: optic radiations of the left

hemisphere; streamlines are displayed on the sagittal plane and show a trajectory circumscribing the dilated left ventricle, and reaching the final target at

the level of the calcarine cortex. Central image: optic radiations of both hemisphere; streamlines are displayed on the axial plane. The optic radiations of the

left hemisphere follow an abnormal trajectory going further anteriorly and laterally as opposed to the contralateral, unaffected side. Right image: optic

radiations of the right hemisphere; streamlines are displayed on the sagittal plane and show a normal trajectory.

ing the primary visual cortex but involving the optic radiations,
using a combination of fMRI and diffusion tensor tractography.
When the infant was tested at 3 months of age with visual fMRI,
cortical activation could only be observed in the unaffected side,
and diffusion tensor imaging was unable to show the presence
of the optic radiations in the affected hemisphere.”” At
20 months, the infant was tested again with the same protocol
and, surprisingly, showed a clear fMRI activation, an indirect
sign of functional reorganization, further supported by clear
structural modifications on diffusion tractography.5® Unfortu-
nately, the assessment of visual fields was not performed owing
to the young age of the individual. However, regardless of the
possible presence of a functional impairment, the imaging data
seemed to support the existence of a process of reorganization
at the level of the thalamo-cortical pathway, able to restore, at
least partly, the functional connection between the lateral genic-
ulate body and the occipital cortex.

To summarize, after early damage to the optic radiations or
to the primary visual cortex, the young brain is capable of spe-
cific strategies of plastic reorganization (Fig. 2), which to some
extent seem to be more effective in restoring conscious vision,
as opposed to those available at a later stage of brain develop-
ment. These different modalities of cerebral plasticity rely on
the presence of unique favourable conditions in the developing
nervous system, which have definite time constraints. Full con-
scious vision is possible, for example, in individuals with exten-
sive occipital malformations of cortical development, or with
clear damage of the optic radiations before birth. However,
even when these efficient mechanisms of reorganization fail
(i.e. if full conscious vision is not restored), the young brain
seems to have an advantage over the more mature brain, as we

highlight below.

BRAIN DAMAGE AND UNCONSCIOUS VISUAL
PERCEPTION

Damage to primary visual cortex causes an essential inability
to consciously perceive visual information in the contralateral

hemifield.%” Vision, however, does not completely disappear,
as first demonstrated almost 100 years ago.® Evidence from
several individuals with damage to the primary visual cortex
demonstrates the existence of basic residual visual perception
in the blind field, including motion, form, and wavelength sen-
sitivity (reviewed in Stoerig®). In its classic descriptions, the
defect is generally characterized by no conscious experience
and has been termed ‘blindsight’.%” The key hallmark of blind-
sight is the dissociation between below-chance performance
for simple yes—no responses (e.g. do you see something?) and
above-chance performance in forced-choice procedures (e.g.
do you see something here or there?). The first can be consid-
ered as a subjective measure of awareness (absent in blindsight)
and the second as an objective measure of awareness (present
in blindsight). By definition, blindsight implies subjective
unawareness. In some patients, however, some awareness of
the presence of the stimulus, either as an actual visual sensa-
tion or as a more undefined feeling, can be present in specific
conditions and can be increased by training.”® This has led to
a distinction between different types of blindsight, including a
subgroup in which a sparing of some amount of awareness can
be observed.”"”? Most of the studies exploring blindsight have
been performed in individuals with acquired focal lesions. It
also has to be acknowledged that the existence of blindsight is
not recognized by all scientists, and that different explanations
of the phenomenon have been proposed (reviewed in
Cowey”?). A review of the literature in this field is beyond
the scope of this paper. Here we address the question
whether the timing of the insult (i.e. early vs late damage),
differentially affects the quality of unconscious vision in the
blind field, and should this be true, what the underlying
mechanisms are.

Although this issue has never been studied systematically,
there is some cumulative evidence, mostly from case reports,
that reorganization of visual functions might be more effective
after lesions that occurred during childhood. Two aspects in
particular are influenced by the timing of the damage: the level
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of perceptual awareness and the efficiency of compensating
ocular motor strategies.

Level of subjective awareness of the blind visual field

There is still controversy about where conscious perceptual
experience arises in the brain (see Moutoussis’* for a review). A
major role is played by the primary visual cortex, either in rela-
tion to its retinal input, its extrastriatal cortical output, or
both.”” The question here is whether some degree of visual
awareness can be achieved without the contribution of primary
visual areas, and if this is related to the timing of brain damage.
The first to suggest that conscious vision is possible in patients
blinded by damage to the primary visual cortex was George Rid-
doch in 1917.%% Several other reports have shown that different
degrees of conscious vision, albeit highly degraded, are compat-
ible with complete lesions of primary visual cortex (reviewed in
Zeki and Ffytche;”" see also Giaschi et al.”*). What is generally
reported by patients with acquired damage and residual aware-
ness of the stimulus is a generic feeling of the presence of a stim-
ulus and the impossibility of describing its visual elements.”®””
Things are differentin the case of early damage.

In a study of 25 patients with large scotomata (areas of
diminished vision surrounded by normal visual field) due to
damage to the striate cortex, five were found to be capable of
consistent responses to visual stimuli presented within their
blind field.”® Not only were they able to perform accurate eye
movements in response to light flashes deep in the hemianopic
field, but they also consistently reported the sensation of see-
ing a dark shadow when stimulated by transient changes in
illumination of either positive or negative contrast. In four of
the five patients, the damage had presumably occurred before
the age of 11 years, as opposed to only one of the remaining
20, suggesting a strong influence of timing of brain damage on
residual visual awareness.

Reports on single cases have been informative. One of the
patients with blindsight who has been most extensively studied
in the literature, in some circumstances (specific object size,
contrast, displacement, and velocity properties) is fully con-
scious of the presence of a visual stimulus in the blind field and
is able to report orally on its position, aspects of spectral con-
tent, and direction and velocity of movement.”"”-*! This indi-
vidual had a lesion to the left primary visual cortex when he was
8 years old, and many authors have considered the timing of
the insult as the main element supporting his remarkable visual
performances (see, for example, Payne and Lomber,** Goebel
et al.*%). Another very informative case is a female born with a
malformation of the left cerebral hemisphere and intractable
epileptic seizures who underwent a complete left hemispherec-
tomy at the age of 4 months.** Despite the total absence of one
hemisphere, she was able immediately to redirect her gaze
towards the visual target in each of the 72 different positions in
the hemianopic field. In addition, she consistently reported that
she had seen a light when questioned, showing some degree of
subjective awareness. Others reported vision with awareness in
individuals who underwent hemispherectomy later in life, but
with overall performances way below those of this female
patient (for a recent review see Ptito and Leh™®). Recently,
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visual awareness of moving stimuli was also found in an individ-
ual with complete absence of both occipital lobes due to perina-
tal damage, as confirmed by structural and functional
neuroimaging, further supporting the possibility of maintain-
ing visual awareness in case of early damage.”

In summary, early damage seems to be associated with an
increased sensitivity towards the stimuli hitting the blind field,
associated with an increased awareness of perception. The
possible underlying mechanisms are discussed below. How-
ever, it is important to notice that not only sensitivity to stim-
uli, but also subjective awareness of the stimulus, have been
shown to be enhanced by training in patients with blind-
sight.*""% This suggests that the threshold of visual awareness
is not unchangeable, even in case of permanent cortical dam-
age, but is rather plastic and therefore trainable. It is not sur-
prising then, that after early damage the enhanced neuronal
plasticity of the young brain is able to induce higher levels
of functional reorganization, including sensitivity to visual
stimuli in the blind field and level of perceptual awareness.

Efficiency of compensatory ocular motor strategies

Very high levels of accuracy can be reached in forced-choice
tasks, so that, under specific conditions, patients with blind-
sight can develop a sensitivity for detection that is superior in
the blind field than in the intact one.!” However, without a
concomitant presence of subjective awareness, the level of dis-
ability related to partial blindness is not alleviated, and blind-
sight capabilities are not used in everyday life.*® Consequently,
the application of tests that can closely quantify functional
mechanisms used in daily activities is crucial to have a more
comprehensive picture of the adaptive reorganization of the
system. One of the concepts most often explored to assess
functional visual behaviour is visual search. It refers to the
capacity of an individual to find a target among simultaneously
presented distractors® and is based on visual abilities such as
fast visual processing and accurate control of ballistic eye
movements (saccades) that guide the fovea to the target loca-
tion.””! Studies in adults have shown that hemianopia due to
unilateral damage to the visual pathway is often associated
with visual search disorders.*>”*”* Patients cannot process
images in the same way as typical controls and usually have
difficulties with reading, detecting stimuli, or finding objects
in the visual space corresponding to the impaired field. Their
fixations typically dwell into the intact hemifield and their
search pattern is characterized by frequent exploratory
saccades into the blind part of the visual field”*™° with
repeated saccades and fixations to the same object, resulting in
overall longer visual search times.*”* This phenomenon has
been defined as ‘slowness of vision’ in the contralateral hemi-
field to the side of the lesion.”

Is visual search differentially affected in individuals with early
damage to the visual system? Few studies have explored the
effects of brain lesions acquired during childhood on visual
search abilities, inconsistently reporting slower search
responses in the contralesional visual field.”*” Other studies
showed that patients who underwent hemispherectomy at
7 years of age or earlier showed greater sparing of visual orient-



ing abilities compared with patients who underwent surgery at
17 years of age.98 In addition, single case studies documented
residual visual exploraton abilities in patients with bilateral
damage to the visual cortex at birth,”” patients who underwent
hemi-decortication in the first year of life,' and patients
affected by congenital right hemi-hydranencephaly.'”’ We
recently addressed the question of visual search and timing of
brain damage by studying a group of age-matched children
with hemianopia and brain damage occurred either pre- or
perinatally or between 8 and 13 years of age.'” As expected,
children with hemianopia with acquired lesions showed signifi-
cantly longer reaction times for stimuli presented in the blind
hemifield. In contrast, children with congenital lesions showed
normal reaction times irrespective of where the stimulus was
presented. It is of interest that the ability to scan the blind field
more efficiently is often combined with an anomalous head turn
ipsilateral to the blind hemifield, as a further compensatory
mechanism for the visual field deficit.'®? Altogether, these find-
ings show that children with congenital brain damage are able
to explore the environment efficiently, even when part of the
visual field is blinded by damage to the geniculo-striate struc-
tures. This further supports a more effective visual search strat-
egy in children with congenital brain lesions, compared with
acquired ones, in line with reports in the animal model.

Underlying mechanisms

The differential effect of damage to the visual cortex between
young and adult individuals has been thoroughly studied in
the animal model. Striking differences in visual behaviour have
been found when comparing monkeys with unilateral ablation
of the striate cortex in adulthood with those undergoing the
same procedure during early infancy.'® The animals with
early lesion were able to detect and localize newly presented
targets at most locations within the scotoma, whereas the ani-
mals with later lesions appeared blind to targets at most sites.
It is of great interest, however, that in the latter group, a sig-
nificant improvement in visual behaviour was observed when
the assessment procedure was modified by turning off the cen-
tral target at the moment of presenting the peripheral one,
thereby inducing the animal to saccade to a new location. In
this new condition, all animals were able to detect and reorient
their gaze to most targets, suggesting a type of perception sim-
ilar to human blindsight, as previously proposed by other
authors using different recognition paradigms.®'%>'% How
the timing of the insult affects visual behaviour has also been
extensively studied in the cat (see Payne and Lomber® for a
review). Despite having a similar impairment in visual perfor-
mance based on acuity,'”” cats with early lesions do signifi-
cantly better in most visuotemporal tasks (e.g. simple pattern
discrimination) and visuoparietal tasks (e.g. visual orientation,
depth judgement), compared with cats with lesions sustained
in adulthood.*>'%*"1° Their visual behaviour is often indistin-
guishable from that of healthy cats.

"The most likely explanation for the striking residual visual
capacities after damage to the primary visual cortex is the
expansion of pathways that can bypass V1 and directly connect
subcortical nuclei with extrastriate visual structures. The first

Parietal

Temporal _
lobe

Figure 4: Possible mechanisms of functional reorganization underlying
unconscious vision and visual orientation in individuals with congenital
brain damage (mainly based on the animal model). In green are the
expanded pathways; in red are the withdrawn pathways. See text for
explanation. LGN, lateral geniculate nucleus; Pu, pulvinar complex; SC,
superior colliculus.

consequence of damage to the primary visual cortex is the
retrograde degeneration of neurons in retinotopically corre-
sponding areas of the dorsal lateral geniculate nucleus, and,
transinaptically, of a large portion of retinal ganglion cells.""!
However, several ganglion cells survive, and increase the den-
sity of their projections to the dorsal lateral genicualte nucleus.
From here, direct projections to extrastriate visual structures
exist, for both the ventral stream!'? and the dorsal stream.!"* In
addition, the network connecting the superior colliculus with
the pulvinar and the extrastriate cortex is massively expanded,
especially to dorsal stream areas such as V5 or middle tempo-
ral/middle superior temporal (reviewed in Cowey and
Stoerig''* and Payne and Lomber®). It has also been suggested
that in the case of focal lesions the contralesional hemisphere
mediates residual functions through transcallosal or intertectal
connections.'”® A schematic representation of the potential
mechanisms of reorganization after early damage, mainly based
on evidence from animal studies, is shown in Figure 4.

The consequences at a cortical level of this network expan-
sion, i.e. the increased activation/metabolism of the extrastriatal
visual cortex, have been demonstrated with brain mapping
techniques in humans.'>~''? Recently, experiments have also
been able to show in vivo the key role played by the superior
colliculus and its cortical connections in residual visual func-
tions after early and late brain damage to the primary visual
structures.'*'*! Some initial evidence exists supporting a
different mechanism of visual reorganization after early as
opposed to late brain damage, paralleling the findings from
the animal studies. For example, Goebel et al.** used fMRI to
compare the activation of the dorsal stream in two patients with
hemianopia due to brain damage that occurred at different
times, at 8 and 42 years. Although both individuals showed
ipsilesional activations of the dorsal pathway, the activity was
much stronger in the individual with the earlier damage, and it
was at least as strong as the activity elicited in the unaffected
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hemisphere by stimulating the normal field, potentially sup-
porting a more efficient connection between the retina and the
extrastriatal visual areas. More recently we also presented
behavioural and electrophysiological data from children with
congenital brain damage that suggested the existence of com-
pensatory mechanisms based on the expansion or sparing of ex-
trastriatal visual structures.'*” We found that children with a
damaged geniculo-striate pathway, as shown by abnormal
visual evoked potentials and brain MRI, were able to reach bet-
ter values of visual acuity when using techniques that could
benefit more from the expansion of the extra-striatal pathways
(i.e. behavioural techniques based on visual orientation). Taken
together, human studies seem to suggest that mechanisms simi-
lar to those observed in the animal models underlie the differ-
ential visual outcomes of individuals with early and late brain
damage. Future studies based on advanced brain imaging,
including structural and functional connectivity or fibre track-
ing, will further expand and possibly confirm these first reports.

CONCLUSION
Despite the enormous advances since the seminal works of
Margaret Kennard in the first half of the 20th century, our
knowledge about the influence of timing on brain plasticity of
the visual system is still very limited. There is increasing evi-
dence supporting a better visual outcome in individuals with
congenital brain damage, but our understanding of the possi-
ble wunderlying mechanisms is still largely based on
non-human models. Some of the strategies adopted by the
immature brain are unavailable at a later stage, similarly to
what is observed in the domain of language and sensorimotor
function. There is, for example, the possibility of developing
new cortico-thalamic connections capable of bypassing the
lesion, or the ability to differentiate functional tissue within a
larger dysplastic cortex, both mechanisms having very specific
time constraints. In other circumstances, the lesion activates
neuroplastic processes available at any stage of development,
but more pronounced and efficient when the brain is still
young. This probably applies to the pathways bypassing V1
and directly reaching the extrastriatal visual structures, most of
which are normally present in the older brain, but less pre-
disposed to the great expansion observed after early damage.

A crucial notion, strongly supported by animal studies, is
that the extrastriatal visual networks are heavily reorganized
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