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Abstract

Partial and homonymous visual field loss (HVFL) is a common consequence of post-
chiasmatic injury to the primary visual pathway or injury to the primary visual cortex.
Different approaches to rehabilitation have been reported for older adults with HVFL and
there is evidence to support the use of compensatory training over other proposed
therapies. We reviewed the literature to investigate the current state of the art of
rehabilitation and habilitation strategies for children and young people with HVFL, and
whether there is enough evidence to support the use of these strategies in the paediatric
population. We have provided an overview of the existing literature on children and young
people with HVFL, a brief overview of rehabilitation strategies for adults with HVFL, and

evidence on whether these different interventions have been applied with children and



young people effectively. We found that there have been very few studies to investigate
these strategies with children and young people, and the quality of evidence is currently
low. New research is required to evaluate which strategies are effective for children and

young people with HVFL and whether new strategies need to be developed.

Introduction and scope of review

The visual field is the entire space that can be perceived when the eyes are fixating a target.
Injury to areas of the brain involved in processing vision can result in a partial or whole loss
of the visual field. If visual field loss affects both monocular visual fields in corresponding
areas then there will be an overlapping area of the binocular visual field that is affected, and
this is referred to as a homonymous visual field loss. Partial and homonymous visual field
loss (HVFL) has a significant negative impact on independence and quality of life as daily

activities such as reading, navigation, and safely avoiding obstacles are often impaired 2.

The traditional view has been that HVFL is permanent after an acute phase when some
spontaneous recovery is possible. However, this view has been challenged by research over
the last two decades 3-°. A number of interventions aimed at restoration of the visual field
have been developed that have shown some promise in rehabilitating adults with HVFL.
Although the beneficial effects of interventions are becoming established, the exact

mechanism of effect for each of these different approaches remains controversial.

It is typically thought that younger people have an increased capacity for neuroplasticity and
recovery from brain injury 1%1%, Schuett et al. 12 demonstrated that HVFL rehabilitation

programmes were equally effective between younger (20-34) and older (70-84) adult



participants, but it is not clear whether this is the case for children and infants. If children do
have an enhanced ability to adapt to brain injury, this leaves us with an interesting
contradiction to consider. Rehabilitation programmes that are beneficial for adults with
HVFL could have an improved effect for young people with HVFL. Conversely, young people
with HVFL may be more likely to adapt spontaneously, such that training designed to

support rehabilitation and habilitation cannot deliver further improvements.

Considerable research and advances have been made in the treatment of HVFL for older
adults in recent years. However, relatively little research has focused on potential
treatments for infants, children and young people. This review gives an overview of current
knowledge and research into the treatment of HVFL in adults and how it may be applied to

children.

The primary visual pathway and aetiology of homonymous visual field loss in children and

young people

In the typically developed visual system the primary visual pathway begins with
approximately 90% of retinal ganglion cells that project along the optic nerve to synapse in
the lateral geniculate nucleus of the thalamus (LGN) 3. Approximately half the nerve fibres
projecting from each eye cross over to the opposite side of the brain at the optic chiasm, in
such a way that cells corresponding to the left visual field of each eye project to the right
LGN and cells corresponding to the right visual field of each eye project to the left LGN. This

pattern of visual field mapping is maintained beyond the LGN within the optic radiations



that project onto the primary visual cortex (V1), which lies predominantly within the medial

occipital cerebral cortex.

Due to the pattern of visual field mapping onto its neural correlates, injury to the primary
visual pathway leads to patterns of visual field loss that are predictable depending upon
lesion site 1416, An injury that completely interrupts the post-geniculate primary visual
pathway in the right cerebral hemisphere results in a complete left-sided homonymous
hemianopia. However, hemianopia is typically complete in only 37% of cases but even
incomplete homonymous hemianopia will still be congruent (affecting vision from both eyes
equally) in approximately 68% of cases ’. HVFL occurs within a retinotopic reference frame,
such that the visual field loss moves with the eyes and corresponds to a fixed region of the

retina, rather than being fixed relative to the head or body.

The most common causes of HVFL in children that have been observed are tumour (27-
39%), traumatic brain injury (19-34%), and cerebral vascular incident (=25%) ¥%°. The
incidence of HVFL in children has not been investigated specifically, but can be estimated
from statistics collected on the incidence of cerebral vision impairment. Cerebral vision
impairment refers to a vision impairment caused by any injury to the post-geniculate
primary visual pathway, primary visual cortex, or visual associative cortices. It is currently
the most common cause of vision impairment in children from developed countries 2°. HVFL
is just one potential consequence of cerebral vision impairment, but a full discussion of
cerebral vision impairment and the other potential consequences is outside the scope of
this review. In the United Kingdom, the cumulative incidence of cerebral vision impairment
by the age of 12-16 years has been estimated to be 0.077% (77 in every 100,000) and is the

cause of approximately 40% of all vision impairment in children 2?2, Hemianopia has been



estimated to affect 11-22% of children with cerebral vision impairment in developed
countries 2?4, This would indicate that the cumulative incidence of HVFL by the age of 12-
16 years is approximately 0.013% in the United Kingdom, affecting approximately 6% of all

children with vision impairment.

Natural progression and recovery of visual function after homonymous visual field loss in

children and young people

Children with acquired HVFL may recover some of their lost visual field, and in at least one
case study a child has developed a complete visual field after the loss of one cerebral
hemisphere 2°. There is also evidence that as many as 50-84% of children with a diagnosis of
cerebral vision impairment will partly recover or develop some vision, with a better
prognosis for those with only injury to V1 rather than the periventricular white matter 26-2°,
However, detailed information on the rate and likelihood of progression and recovery of
HVFL in particular is scarce, presumably due to the difficulty in performing formal visual field

assessments with young children.

During typical development the effective visual field appears to rapidly increase in size
between 2-6 months of age and reaches a plateau by approximately 1-2 years of age 39,
although the development of attention may play a role in these observed changes 313>,
There is no strong evidence to suggest whether or not HVFL acquired before 1 year of age is
more likely to recover during this sensitive period of visual field development. It is also well
recognised that higher visual functions continue to develop after 2 years of age, in to the
mid-teens 3. On the one hand, HVFL acquired shortly after 2 years of age could have a

greater impact on these higher visual functions because they are developing based on an



atypical visual field. On the other hand, because this is a period of natural development,
these higher visual functions may adapt to the atypical visual field in a compensatory
manner and have a lesser impact on functional vision in the long term. In summary, the
complex interaction between the developmental age at which brain injury occurred, the
likelihood and time-course of recovery, and the long term consequences of HVFL are simply

not well understood and are difficult to assess.

In contrast the natural progression of HVFL in adults has been quite well documented and
may be a useful predictor for the prognosis of young people that acquire HVFL after the
visual system is fully mature. It is thought that 8-20% of stroke survivors with HVFL will fully
recover their visual field, although as many as 50-60% may show some spontaneous
recovery of vision. Recovery of HVFL can occur within the first two days after stroke and
recovery is much less likely to continue after 10-12 weeks, while complete spontaneous

recovery is most likely to occur over the first 10 days 37-39,

When considering the progression or recovery of HVFL it is important to distinguish
between improvements in functional vision that are consciously perceived (phenomenal)
and those that are not. Riddoch %° observed that motion perception may be spared (or the
first perceptual function to recover) in the lost visual field, without necessarily being able to
assign form or colour to the perception. Blindsight is a similar phenomenon that refers to
the ability to respond to visual stimuli presented to the lost visual field but with limited
conscious awareness *1. A person with blindsight may be able to look or point towards a
visual stimulus that they cannot necessarily perceive, and may even be able to discriminate
orientation, motion or emotional expression through forced-choice guessing 42,

Unfortunately, it is not clear what proportion of people with HVFL may develop blindsight in



their lost field. In adults, it is estimated to be anywhere between 5% and 80%, depending on
the parameters of the visual stimuli and the form of response tested >>>*. This dependency
is due to contrast sensitivity and hue discrimination in blindsight being very low outside a
narrow spatial and temporal bandwidth #¢°2, Thus, the functional benefit of blindsight

remains somewhat controversial.

There are ascending projections from subcortical areas to the visual associative cortices that
bypass V1, and evidence suggests that these projections convey some visual signals >, It is
therefore possible that the Riddoch phenomenon and blindsight are the result of these
ascending subcortical messages being processed with limited awareness. In a relatively
small study including 7 teenagers (11-17 years old), Tinelli et al. °® demonstrated that those
participants with congenital HVFL showed behavioural evidence of blindsight whereas those
with HVFL acquired 1-5 years after birth did not. Two of the participants with congenital
HVFL underwent functional magnetic resonance imaging (fMRI) while viewing visual stimuli
presented to different areas of the visual field. Interestingly, during stimulation of the lost
visual field, blood oxygenation level dependent signals were detected in the ipsilateral V1
rather than in islands of remaining nervous tissue in the contralateral V1. These results may
indicate that blindsight in children with congenital HVFL is dependent on profound cortical
reorganisation rather than pre-existing secondary visual pathways, or potentially both

conditions are necessary.

Natural development of compensatory and atypical gaze strategies with homonymous

visual field loss



Alongside changes to the visual field itself, behavioural changes may develop spontaneously
over time to compensate for the visual field loss. Accurate and efficient eye and head
movements are a critical component of vision as they are required to move the most
sensitive part of the retina (the fovea) to a position where light reflecting from the current
object of interest will fall. Adults with chronic HVFL do appear to adopt different oculomotor
strategies to those in the acute stage of field loss *°. Additionally, Tinelli et al. ®° found a
greater sparing of visual search abilities in children with congenital HVFL compared to those
with acquired HVFL. This indicated that children who acquire HVFL after a certain sensitive

period of development may not naturally adopt optimal eye movement strategies.

One oculomotor strategy that has been suggested to partially compensate for HVFL is the
development of a pseudofovea, an eccentric fixation toward the lost field so that the object
of interest remains within the intact visual field 1. An eccentric fixation of approximately 1°
has been reported in 18-28% of HVFL cases 693, Another suggested compensatory strategy
is exotropia of just the ipsilateral eye, and there have been some reported cases of HVFL
patients with ipsilateral exotropia and anomalous retinal correspondence that did not result
in diplopia ¢*®°. However, strabismus is a strong risk factor for amblyopia and an adaptive
ipsilateral exotropia would typically be counterproductive as the image seen through the

exotropic eye could be partially suppressed due to binocular rivalry.

Gassel et al. % and Meienberg et al. ¢’ found that adults with HVFL would typically make
multiple hypometric saccades in a staircase fashion to targets displayed >5° into the lost
field. However, if the position and timing of targets remained predictable participants would
learn to make an initial hypermetric saccade into the lost field followed by a backward

corrective glissade to the target. As an initial hypermetric saccade brings more of the lost



field into view, it has been suggested that this scanning strategy is more effective than the
staircase strategy and could partially compensate for HVFL. Reinhard et al. ®3 replicated
similar findings but reported no correlation between saccadic dysmetria and the length of
time participants had HVFL. It remains unclear whether hypermetric scanning saccades are
spontaneously adopted as a natural long-term compensatory strategy as well as a short-

term strategy in the laboratory.

A combination of head turn in the direction of the lost visual field and exotropia has been
observed in children and young people with early-acquired HVFL %870, It has been suggested
that this strategy is compensatory as it could increase the functional size of the visual field
by allowing larger saccades into the lost visual field. However, Mezey et al. ’* found that
children with chronic HVFL continue to make multiple hypometric saccades when searching
for a target that is located within their lost visual field even if the eccentricity of the target is
predictable, so it appears that children do not naturally adopt a hypermetric scanning
strategy. However, there are other potential benefits to an ipsilateral head turn that have
not been investigated such as creating a more symmetrical optic flow field during walking
that could aid balance and control 72. Additionally, ipsilateral head and trunk turns may
modestly improve the functional visual field of patients with hemispatial neglect, which can

co-occur with HVFL 73.

In summary, differences in eye and head movement strategies between persons with HVFL
and those without are reasonably well documented in laboratory environments. However,
more detailed analysis is needed to determine which oculomotor behaviours are really

adaptive, and which are maladaptive or pathological in natural scenarios.



Rehabilitation strategies for adults with homonymous visual field loss

Rehabilitation strategies for adults with HVFL have broadly fallen into one of three

categories: restitution therapy, compensatory training, and sensory supplementation.

The aim of restitution therapy is to restore or improve the remaining function in the neural
correlates of the lost visual field. This is typically undertaken with visual stimulation of the
lost visual field or the border between the intact and lost field using extremely bright, high
contrast stimuli. Improvements in colour and simple pattern recognition have been
observed using this technique 747°, although in some cases these effects appear to be
mediated by blindsight rather than phenomenal vision 828, Claims of the intervention’s
effectiveness at improving perimetry itself have been challenged after a study that reliably
controlled for fixation during visual field assessment did not reveal any significant changes in
the visual field of participants 2. More recent trials have attempted to combine restitution
therapy with transcranial direct current stimulation. Transcranial direct current stimulation
is a non-invasive form of neurostimulation that alters cortical excitability and can promote
synaptic plasticity during therapy sessions 838, Early results have shown small but
significant improvements in sensitivity and perimetry when compared with restitution

therapy alone 8687,

The aim of compensatory training is to change behaviour to compensate for lost visual
function. The objective is to reinforce the reciprocal connections between vision, eye
movements and attention to improve the functional visual field. Training protocols vary but
have typically involved either searching for a target in a complex visual scene (visual search
training, VST), making repeated wide-angle saccades in the direction of the lost visual field

(compensatory scanning training, CST), or reading scrolling text (reading training) 893,



Evidence for the effectiveness of compensatory training has been compelling with observed
improvements in visual response times, reading speed, and avoiding obstacles that were
significantly greater than improvements made after restitution therapy or placebo
interventions >%%% However, improvements in functional vision have been shown to be
task specific such that improvements made in visual search do not transfer to reading and

vice versa .

The aim of sensory supplementation is to supplement vision with a sensory substitution
device or optical aid. Sensory substitution devices typically convert visual information from a
wearable camera to a tactile or auditory code that can be interpreted by a vision impaired
user 190-105 prisms can be affixed to spectacles to redirect visual information from the lost
visual field to a place on the retina that either corresponds to the intact visual field or the
border between the intact and lost visual field 1°6-199 |t is possible to expand the visual field
by approximately 20° using a monocular prism system, just above and just below the central
vision region to avoid foveal diplopia. However, the binocular strength of the image seen
through the prisms is weaker than the corresponding image seen directly through the other

eye due to binocular rivalry, limiting their functional benefit 110-112,

Restitution therapy for children and young people with homonymous visual field loss

It is clear that a great deal of research has been conducted into potential treatments for
HVFL in adult stroke patients, and there is some evidence to indicate moderate
improvements in functional vision can be made with the aid of certain rehabilitation

strategies. However, there are differences in the aetiology and natural progression of HVFL



in children when compared with adults. Additionally, children and young people are likely to
require a mix of both habilitation and rehabilitation depending on the age at which brain
injury occurred and the prior development of their visual and oculomotor systems. As such,
it is important to assess whether rehabilitation strategies that may be effective for older
adult patients with HVFL are effective for children and young people with congenital or

acquired HVFL.

Werth et al. 13, and Werth et al. ** investigated the effects of restitution therapy in a total
of 39 children aged 1 to 15 years. The therapy involved stimulating the lost visual field with
a spot of extremely bright light moving slowly along the horizontal meridian, from the
periphery to the centre. Within three months 26 of the 39 children that underwent
treatment had extended their visual field between 30° and 90°, while there was no
significant spontaneous recovery in a control group that underwent similar therapy but with
low contrast stimuli. Importantly, for some participants improvements in the visual field
perimeter extended only in areas that were stimulated during training (i.e. the horizontal
meridian) and not in other areas of the lost field. Additionally, some participants did not
maintain improvements in the visual field perimeter after the training period had ended but
would improve again if they restarted training. fMRI studies on a small selection of the
children that had partial visual field recovery indicated additional activity in V1 contralateral
to visual field loss when compared to children who had no visual field recovery. This may
indicate that these improvements were mediated by islands of spared neural tissue in the

injured V1 but it is not clear whether this activity was present before training began.

It is uncommon to observe improvements on this scale in the visual field of adults

undergoing restitution therapy. The difference may be due to a greater degree of plasticity



in the infant brain, but may also be due to using a much brighter (x25) stimulus or a
difference in the aetiology of the visual field loss. Additionally, the method used to assess
the visual field of the children was based on recording eye movements to targets in the
periphery. As conscious awareness of targets was only assessed anecdotally, it is possible
that the improvements in the visual field were due to perceptual training of blindsight
without accompanying phenomenal vision. More detailed or longitudinal studies are
required to assess whether the observed improvements in detection within the lost visual
field of children are the result of developing phenomenal vision or blindsight after

restitution therapy.

Compensatory training and sensory supplementation for children and young people with

homonymous visual field loss

Studies investigating compensatory training with children and young people are not as well
documented and have only recently been published. This may be partly due to children not
meeting the cognitive requirements of compensatory training, as participants must be able
to understand that they are being asked to find specific visual targets, hold the target in
working memory, attend to a visual scene, and inhibit attention to distracting stimuli.
Conversely, compensatory training is typically tiresome, uninteresting and requires weeks of
commitment. As such, young people may be unwilling to participate in research to assess its
effectiveness, particularly if they have congenital or early-acquired HVFL and do not have an

appreciation of their own vision impairment.



Tinelli et al. **°> reported on a case series including three teenagers who had acquired HVFL
in infancy. The participants trained using a specialist semicircular apparatus with mounted
speakers and light emitting diodes in an audio-visual form of compensatory training (AVCT).
AVCT is believed to work on the principle that multisensory neurons in the superior
colliculus can integrate information from different sensory modalities, and that when
sounds are played coincidentally with a visual stimulus they can improve visual perception.
The aim of AVCT is to maintain these perceptual improvements after training. The three
teenagers participated in daily sessions of AVCT that lasted approximately 90 minutes for 3-
4 weeks in a sound-attenuated room. They maintained an average 36% reduction in visual
response times on computer generated visual search tasks one month after training without
any observed enlargement of the visual field. This is a promising result but certainly further
studies including a control condition and a larger group of participants are required to

corroborate the findings.

Krumm et al. 16 reported on a pilot case study including a 5 year old child who had acquired
a right HVFL at 2 years old. The participant’s parents were asked to promote CST by
providing attractions to the child’s right side during playful activities. Over a period of one
year the child’s visual response times to targets in the lost field during table top searching
tasks improved from 74s to 15s. The authors planned to investigate whether improvements
in visual response times were the result of training or developmental changes in a future

study with a larger cohort of young people.

Waddington et al. '’ reported on a pilot case study to evaluate the potential for using
modern gaming technology to develop more engaging compensatory training programmes

for children and young people. They documented the design decisions made during the



development of a therapeutic video game for VST with two groups of young people with
different presentations of neurological vision impairment, their teachers, and therapists.
The searching components of the game were matched quite closely to the visual search
tasks used in previous studies while the narrative progression of the game occurred
between periods of visual search. Visual, auditory, and narrative feedback cues were used to
keep players informed of their progression and maintain interest in the training. Three key
options (the size and number of shapes presented as well as the maximum time to respond)
could be adjusted after a baseline vision assessment to ensure accessibility. The game
difficulty was then dynamically adjusted based on player progression to ensure an
appropriate balance between accessibility and challenge over time. A clinical trial evaluating
the results of playing the game for children and young people with HVFL is currently in

progress.

There are no scientific or clinical studies investigating the use of prism lenses to improve
visual field function for children and young people with HVFL, which is quite surprising as we
are aware that prisms are fitted for older children in clinical practice. Given that evidence
from studies involving adults with HVFL indicate that proper patient selection is essential for
good outcomes with prism lens correction, it should also be considered essential that the

effectiveness of prism lenses is assessed in children and young people.

Conclusion

In summary, a great deal of research has been conducted into the aetiology, natural

progression, and potential treatment of HVFL in older adults while there are very few



reports of similar studies in children and young people. As cerebral vision impairment is the
most common form of vision impairment in children from developed countries, it is
essential to evaluate how rehabilitation strategies for adults with neurological vision
impairment might translate to habilitation strategies for children with similar conditions.
There are clearly differences in the aetiology and natural progression of HVFL between
adults and children, and likely differences between children with congenital and acquired
brain injury. These differences may mean that the off-label use of rehabilitation strategies
for adults to children is not appropriate, and certainly further research is required to

determine which therapies may be clinically effective.

The evidence from studies involving adults with HVFL is most promising for compensatory
training although there are certainly limits on the transfer of individual training effects to
specific activities of daily living. With new technological developments there is also still
potential for assisted restitution therapy and sensory substitution devices. Future research
should focus on identifying which outcomes are associated with specific training schemes
and their neurological mechanism of effect, so that design choices during the development
of (re)habilitation packages can be well informed. Additionally, valid outcome measures for
activities of daily living and quality of life should be identified and standardised to improve
the quality of future studies and allow comparisons between them. This will enable
researchers and clinicians to evaluate and select the most appropriate therapy for children
and young people with HVFL, and potentially other conditions related to cerebral vision

impairment.
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Method of literature search

The literature search was performed in April 2016 using the EBSCOhost online research

”

database. The following MeSH headings were used: “(homonymous) hemianop(s)ia”, “visual
field loss”, quadrantanopia in combination with: children, infants, “young people”, “young
adults”, and: rehabilitation, habilitation, therapy, training. Titles and abstracts were
reviewed by one researcher for relevance. Those articles that were published in English and
described HVFL in young people were read in full. Due to the relatively small number of
initial articles that were deemed relevant, the reference lists from the read articles were

also reviewed to identify further articles of relevance to the topic. Additional articles were

suggested during the peer-review process.
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