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Abstract. The traditional view that visual system damage is permanent has given way to a more optimistic view. Visual loss
does not remain unchanged but it can recover spontaneously to some extent. Even when the period of spontaneous recovery
has ended there is still additional potential for plasticity and regeneration, even months or years after the lesion. There are two
fundamental approaches to harvest this plasticity potential: (i) to rescue dying cells or induce axonal regeneration of visual
system neurons through biological (pharmacological) means and (ii) to capture the residual vision capacities and improve their
functions by behavioural training. Visual training can be used to activate residual visual neurons either in the blind sectors of
the visual field through alternative pathways or it can be used to activate partially damaged regions in the border zone near the
lesion site. Another example of post-lesion neuroplasticity is the ability of the intact visual field sectors to (spontaneously) take
over functions and this is seen, for example, in macular degeneration and even in developmental disorders, such as amblyopia
who benefit from training even many years beyond the critical period. Just as plasticity after brain damage is well recognized in
other functional systems (motor, somatosensory), plasticity of the visual system is now gradually being recognized as a useful
mechanism whereby the brain compensates for its functional loss, either spontaneously or by repetitive visual stimulation.

1. Introduction

It was 10 years ago since the publication of the first
special issue of the journal RESTORATIVE NEUROL-
OGY AND NEUROSCIENCE on the topic of “Visual
System Restoration and Plasticity”. It is now time to
monitor the progress that has occurred since then and
this motivated my initiative to assemble papers for the
present special issue. During the last decade we have
witnessed how the traditional view that visual system
damage is permanent has given way to a more opti-
mistic view. We now know that visual loss does not
remain unchanged but that it can recover spontaneous-
ly to some extent. Even when recovery is complete,
there is notable additional potential of plasticity and re-
generation. This includes two fundamental approach-
es: (i) the rescue, regeneration and transplantation of
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visual system neurons through biological (pharmaco-
logical) means and (ii) the capacity to improve visual
functions by behavioural stimulation through training.
The papers included in this special issue can not cov-
er all aspect of visual system plasticity, but they were
selected to focus on specific aspects of plasticity being
discussed these days and attest to the view that – just as
in other functional systems (motor, somatosensory) –
the visual system has a remarkable capacity for plas-
ticity and this is gradually being recognized as a useful
mechanism of brain repair. Though progress happens
not at the desired speed, there is a continued and on-
going effort by different groups in the world to find
new means to enhance restoration and regeneration of
vision after neurological dysfunction.

2. Biological regeneration and rescue

One fundamental approach to restore vision is to “re-
build” the damaged structure itself by some biological
or pharmacological manipulation. The attempt to un-
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derstand and manipulate regeneration of cut retinofugal
axons is the subject of the paper by Rose et al. (2008).
These authors assessed the potential for axonal regen-
eration both in vitro and in vivo in organotypic cell cul-
tures of monkey retina and studied molecular mecha-
nisms involved in the regeneration process. Injury to
the mature optic nerve is thought to lead to irreversible
impairment. Under normal circumstances the retinal
ganglion cells (RGCs) fail to regenerate their cut axons
but when a proper biochemical environment is offered,
the axons are indeed able to regenerate. Rose et al
show that aging monkey RGCs retain their ability to
regenerate axons in organ culture and they show how
axonal regeneration is associated with a specific pro-
teomic profile. Indeed, when offered the right environ-
ment for growth, Rose et al. found vigorous regenera-
tion of axons throughout all stages of life though few-
er regenerating axons were found with increasing age.
Several proteins are now identified to play a prominent
role in regeneration of RGC axons including laminin
and GAP-43, calmodulin, fatty acid binding protein,
alpha-crystallin, IFN-gamma, cyclin-dependent kinase
inhibitor (p21), beta-hemoglobin, 60s-ribosomal pro-
tein, GAP-DH and ADP-ribosylation factor (ARF).
These studies provide important clues to further our
understanding of axon regeneration in the damaged vi-
sual system and demonstrate that axonal regeneration
is regulated molecularly in a well coordinated way.

Gaillard and Domballe (2008) used another approach
to restore visual structure. They implanted fetal issue
allografts in the damaged adult visual cortex and de-
scribed the physiological properties of the grafts and
the role of the re-establishment of neuronal connections
to the host brain.

Besides traumatic, vascular or degenerative diseases
of the central visual system there is a special case to be
made for optic neuropathy caused by infection with the
syphilis virus. This disease also produces visual field
impairments but they are reversible if treated adequate-
ly. Prokosch and Thanos (2008) review the current
state of the art in this newly emerging field of syphilitic
optic neuropathy and based on a literature review and
some own cases they recommend that patients should
not only be treated with penicillin but also with adjunc-
tive cortisone to achieve best possible improvement of
visual acuity.

Despite the progress in the biological sciences, it is
unlikely that some pharmacological treatment will be
available any time soon to enhance axon regeneration or
restore visual functions. However, different behavioral
(functional) training paradigms are available and these
are the subject of all other papers in this special issue

3. Training visual functions after brain damage

3.1. Training of the “blind” visual field sector

One training approach to enhance visual functions
after damage involves the stimulation of the “blind”
field with “blindsight” paradigms. Stoerig (2008) dis-
cusses how surviving pathways that send visual in-
formation to higher cortical regions can be engaged.
Specifically, there are several retinofugal pathways that
remain undamaged, by-passing the primary visual cor-
tex to innervate higher cortical regions in cats, mon-
keys, and humans. These pathways support a variety of
visual functions an can be improved with practice. Sto-
erig suggests that they may also play an important role
in the effects of training on recovery, though she finds,
as others did, that the extent of functional improvement
is rather variable.

Along similar lines of reasoning the paper by
Chokron et al. (2008) discusses how blindsight can be
used for purposes of rehabilitation after visual field de-
fects. They discuss how monkeys and humans have
spared implicit visual functioning which mediate non-
conscious vision (‘blindsight’) and describe experi-
ments in their laboratories where training is aimed at
stimulating blindsight to achieve restoration of con-
scious vision in the “blind” field in hemianopia. Nine
patients with unilateral occipital damage were trained
for 6 months using different forced-choice visual tasks
(pointing to visual targets, letter recognition, visual
comparison between the two hemifields, target local-
ization, and letter identification). All 9 patients experi-
enced improvement in at least some of the behavioural
tasks and a significant enlargement of the visual field
was noted in 8 patients. The authors interpret their find-
ings as showing that “implicit” (unconscious) residual
vision can be exploited to restore explicit (conscious)
visual detections in the blind visual field.

3.2. Training of areas of residual vision in the border
zone

Another fundamental approach of vision restoration
is followed in my own laboratory in collaboration with
many of my students and former colleagues. Here, the
goal is to enhance visual functions in hemianopia by
repetitively presenting training stimuli primarily to “ar-
eas of residual vision” (ARVs) typically located in the
border zone of the damage. This training is termed “vi-
sion restoration training” (VRT) (Müller et al., 2007).
Within this field of study, we have recently addressed
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several specific issues such as outcome prediction and
everyday life relevance of visual field improvements.

Specifically, Poggel et al. (2008) studied the issue of
outcome prediction by using a multifactorial analysis
to discover possible variables that predict outcome af-
ter visual training in hemianopic patients. This issue is
important because VRT is not equally effective in all
patients and we need to learn more about which factors
contribute to outcome. Visual field size enlargement
was quantified in 19 hemianopic patients and then cor-
related with different patient variables and visual field
characteristics. As in prior studies, the size of the ARVs
was found to be the strongest predictor for visual field
recovery. Other variables such as age of the patient,
time since lesion, number of absolute perimetric de-
fects, eccentricity of the visual field border, and average
reaction time to perimetric stimuli pre-training had a
much smaller – if any – influence on outcome. Poggel
et al. identified a small set of variables that are readily
available from clinical charts to determine the likeli-
hood that improvements can be expected from vision
restoration training.

While it clearly is desirable to achieve visual field im-
provements, from a clinical point of view it is most im-
portant to know if such improvements are also relevant
for every day life activities. This is addressed by Gall et
al. (2008) who investigated vision- and health-related
quality of life before and after Vision Restoration Train-
ing (VRT) in hemianopic patients. They studied a clin-
ical sample (n = 85) with the Health-Survey SF-36
and the vision-related QoL 39-item questionnaire of the
National Eye Institute Visual Function Questionnaire
(NEI-VFQ). Not all patients benefited from the train-
ing and the results were as follows: 6% showed worse
detection performance, 42% showed an improvement
<5%, 24% an increase of 5–10% and 28% of the pa-
tients of >10%. Both vision- and health-related QoL
measures improved after VRT in 8 out of 12 NEI-VFQ
and 3 out of 8 SF-36 subscales. They conclude that the
NEI-VFQ is a valuable measure of self-reported visual
impairment in patients with visual field defects and that
VRT improves vision-related QoL which is correlated
with the extent of visual field enlargements.

Various authors have been critical about the effica-
cy of VRT and the argument has been raised that vi-
sual field improvements are an artefact of eye move-
ments. Of particular interest is one study by Reinhard
et al. (2005) using the Scanning Laser Ophthalmoscope
(SLO) which could not find evidence for benefits of
VRT. The paper by Kasten et al. (2008) addresses this
topic by describing a case study of a 46-year old hemi-

anopic patient to find out possible reasons for the failure
of the SLO study. They studied simulated some of the
SLO parameteres using computer-based perimetry and
found that the SLO-like “inverse” stimulus detection
paradigm (black target on red background) was a more
difficult task for hemianopic patients than standard peri-
metric protocols confirming prior observations (Sabel
et al. 2004). The findings suggests that the stimulus
features are essential to determine if VRT-induced vi-
sual field enlargements can be detected which, in turn,
implies that VRT effects do not generalize to all as-
pects of visual functions. Thus, training with simple,
white dots does not improve all visual functions such
as inverse stimulus detection.

Also Bergsma and Van der Wildt (2008) were in-
terested in the detailed description of perceptual prop-
erties of the restored visual field after training hemi-
anopia patients with simple white light stimuli. In these
restored regions they then measured different elemen-
tary visual properties: visual acuity, temporal process-
ing using critical flicker frequency (CFF) analysis and
color perception. They found that – despite the sim-
ple nature of the training –, acuity, CFF and color vi-
sion could be demonstrated in the restored areas. In
fact, performance of the elementary properties in the
regained fields appeared “almost normal” when com-
pared to control subjects or the patient’s own ipsilesion-
al visual field. They conclude that the restored visual
field sectors are actually used for processing of visual
stimuli beyond those used during training.

Werth (2008) reviews the visual capacities in chil-
dren with occipital lesions, hemispherectomy or hy-
dranencephaly and raises the issue whether the child’s
visual system is more or less vulnerable than that of
adults, whether the child’s capacity to recover from
cerebral blindness is greater and which brain struc-
tures may be involved in mediating recovery. He sum-
marizes that visual-field training after damage to the
geniculostriate system improves lost visual functions in
more than half of the children and in many children the
enlargement of the visual field exceeded the enlarge-
ment as reported in hemianopic adults after visual-field
training.

While most papers in this special issue focus on
the restoration of functions in blind or partially blind
regions of the visual field, there is a case to be made
for the brains ability to compensate loss by engaging
the remaining, “intact regions” of the visual field.

3.3. Training the intact sectors of the visual field

Macular degeneration (AMD) is an example where
the intact visual field is engaged in the plasticity re-
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sponse. In AMD the central region of the retina de-
generates, leaving only the periphereal retinal regions
intact. As Schumacher et al. (2008) show, there is some
reorganizationof visual processing in macular degener-
ation which related to the induction of eccentric view-
ing. Many AMD patients compensate the progressive
loss of central visual acuity by adopting a “preferred
retinal location” (PRL), i.e., they spontaneously learn
to use more peripheral areas of the retina to fixate ob-
jects. Used fMRI activation Schumacher et al. scouted
for signs of cortical reorganization in calcarine sulcus
and found that visual stimulation of the PRLs indeed
showed increased brain activity in areas of the cortex
that normally represents central vision. These find-
ings are compatible with the hypothesis of a cortical
reorganization that may result from a spontaneous be-
havioural “adaptation” after loss of the central sectors
of the retina.

4. Training vision in patients with retinal damage
or amblyopia

Most training studies on vision restoration to date
have been carried out with patients that have either
damage of the brain itself (such as after stroke) or in-
jury to the optic nerve. Little attention has been paid
to the question if training is also helpful in patients
with retinal lesions. One would predict that it should
be impossible to improve functions that are lost after
retinal damage. Despite this pessimistic expectation,
Gudlin et al. (2008) now used computer-based vision
restoration training to check if this could improve also
vision in glaucoma patients. In a small pilot study five
patients with primary open angle glaucoma (POAG)
carried out VRT at home for three months which led
to significant detection performance increases as as-
sessed by high resolution super-threshold perimetry
and by standard white/white perimetry. Performance
in blue/yellow perimetry did not change. Gudline et
al. concluded that visual field defects caused by retinal
lesion may also benefit from systematic vision training
and that this may be mediated by cortical plasticity.

Amblyopia, in turn, does not involve direct trauma
to the retina, optic nerve or brain but it is caused by
abnormal binocular visual experience during a ‘critical
period’ early in life. This misalignment of the eyes
prevents normal development of binocular vision and
this disorder is generally considered to be untreatable
unless treated very early during the critical period with
patching the seeing eye. Polat (2008) addresses the

restoration potential of underdeveloped cortical func-
tions well after the first decade of life in adulthood and
discusses how specific deficiencies in amblyopia can
be improved not only in children but also in adults. He
proposes that normal mechanisms of “perceptual learn-
ing” may contribute to the restoration potential even
way beyond the critical period.

Also Mitchell (2008) focuses on the plasticity po-
tential in adult amblyopia. He summarizes the current
state of the art of animal models of deprivation am-
blyopia and points toward a special role for binocular
visual input in the normal development of spatial vi-
sion and in occlusion (patching) therapy. By analyzing
various early experiential manipulations on the devel-
opment of visual acuity he finds that short periods of
continuous and concordant binocular input can coun-
teract long daily periods of monocular deprivation, thus
allowing the development of normal visual acuity. He
discusses animal studies in which amblyopia was in-
duced by early monocular deprivation and where ef-
fects of patching therapy (reducing the input to the see-
ing eye) are usually only temporary, declining relative-
ly fast after the patch is removed. However, critical
amounts of binocular visual input each day helps the
binocular vision to remain more permanent even after
the patch is removed. He proposes that current patch-
ing protocol should include daily periods of specific
stereoscopic vision training to achieve the best possible
clinical management of amblyopia.

5. Non-specific visual training to enhance normal
vision

So far, all papers addressed specific training ap-
proaches in patients with visual impairments. Another
fundamental approach not having received much atten-
tion is the repeated “forced-use” of the visual system
in normal subjects by using more non-specific visual
training methods to induce “normal” plasticity of the
uninjured brain. Achtman, Green and Bavelier (2008)
discuss how playing action video games with specific
game components may be used as a tool to enhance a
range of visual skills. They suggest that visual system
plasticity can thus be enhanced and the authors present
perspectives of how to make use of such games in the
rehabilitation of patients with different CNS disorders.
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6. Conclusion

Ten years after the first special RNN issue in the field
of visual system plasticity has been published some
progress has been made and it appears that improve-
ment of visual functions after damage is the rule and
not the exception. Visual training can enhance visu-
al functions not just in early development but also in
adulthood and even old age, i.e. well beyond the criti-
cal period. Different approaches are promising in this
regard. One venue is to restore the biological substrate
through axon regeneration (only in animal models so
far). Another is to train visual functions by repetitively
presenting visual tasks to either the intact regions of the
visual field, partially damaged areas and even presum-
ably “totally” damaged areas of the visual field which
still receive input from surviving pathways.

Neuronal reorganization is a likely mechanism for
such clinical improvements, but it remains to be de-
termined what the precise mechanisms are after brain
damage and after retinal damage. Clearly, one can not
expect “complete” recovery of vision (except for some
rare cases) and there exists still lots of room for im-
provement of current techniques. However, there is
growing evidence from independent laboratories that
visual functions can be improved in patients with visu-
al field defects to a clinically meaningful extent. We
should be optimistic that the future will bring us more
progress in understanding the mechanisms of neuro-
plasticity in the visual system and hope that vision
restoration can be enhanced further by training regimen
or other technologies yet to come.
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