Brain injury and the
eye

Abstract

Visual loss associated with brain damage is
the single greatest cause of visual impairment
in children in developed countries. Damage
may occur in any of five separate visual
systems: primary visual cortex, visual
associative cortex area, optic radiations, optic
nerves, and visual attention pathways.
Improving our understanding of the
pathophysiology of these causes for visual loss
may lead to better rehabilitation and
educational strategies for these children.
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Introduction

Visual loss associated with brain damage is now
the single greatest cause of visual impairment in
children in developed countries.' In some
centres, it exceeds all causes of childhood ocular
blindness combined.’ Historically, a wide range
of aetiologies accounted for visual impairment
associated with brain injury in children. These
included hypoglycemia,® haemodialysis,”
hydrocephalus,® ' trauma'' ™" (accidental

but much more commonly and tragically
non-accidental), seizures,'* neurodegenerative
disorders,"® encephalitis/meningitis,'**° and
other infectious disorders.?!

However, at present, the single most common
cause of visually significant brain injury in
children is perinatal hypoxia ischemia.”>** This
is true for both term and preterm infants. The
notion that neonatal brain injury is uniform and
primarily due to acquired insults (especially
birth asphyxia) is an oversimplification of a
complex set of problems.” The mechanisms
accounting for these injuries are not limited to
transient ischemia and reperfusion events.”
Nevertheless, there can be little doubt that
the single most identifiable factor for the
ever-increasing number of children with

Eye (2007) 21, 1285-1289

© 2007 Nature Publishing Group All rights reserved 0950-222X/07 $30.00

e

Www.nature.com/eye

CS Hoyt

hypoxic-ischemic encephalopathy is improved
perinatal care and the resulting increased
survival rates for very small, critically ill,
preterm infants.*® A comparable improvement
in the critical care and survival of brain-injured
full-term infants further aggravates the
problem.

A large proportion of the human brain’s
neural substance subserves vision. Damage to a
number of different structures within the central
nervous system can result in significant visual
disability. However, the specific nature of the
visual disability, its clinical manifestations,
associated non-visual neurologic complications,
as well as prognosis for some visual recovery
varies greatly depending on the site(s) of brain
injury.® In turn, the vulnerability of specific sites
of the brain to hypoxic-ischemic insult is closely
linked to the age of the infant at the time of the
insult.”

Damage to any one or more of at least five
separate visual systems may account for the
visual disability of children with brain injury.
These include the primary visual cortex, visual
associative cortex area, optic radiations, optic
nerves, and visual attention pathways.

Visual primary cortex

In term infants who sustain ischemic-hypoxic
injury, neurons primarily in the deep grey
nuclei and perirolandic cortex are most likely to
be injured.” The resulting pattern of injury
classically has been described to be within

the ‘watershed zones’ of the cerebral cortex.
(That is, in the areas between the anterior and
middle cerebral arteries’ circulation and the
area between the middle and posterior arteries’
circulation). In contrast, other neurons seem to
be uniquely resistant to hypoxic-ischemic
changes (especially those expressing nitric oxide
synthase).”® It is noteworthy that mature
oligodendrocytes in term infants are much more
resistant to hypoxia-ischemia than
preoligodendrocytes and oligodendrocyte
progenitor cells that are found in the immature
brain.*”
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In term infants who experience hypoxia-ischemia
discrete, often cystic infarctions in the ‘water-shed’ zones
of the cortex are the typical resulting sites of injury. These
infarctions are most likely to occur in the frontal and
parieto-occipital regions.® The resulting visual disabilities
seen in these children usually are attributed to damage to
the primary visual areas of the occipital cortex (thus the
terms ‘cortical blindness’). This seems intuitively obvious
since primary visual processing takes place within the
striate (occipital) cortex and damage to the occipital
cortex is seen in varying degrees in nearly all of these
infants. However, two notes of caution should be
emphasized: (1) Only rarely does one see neuroimaging
evidence of complete occipital cortex infarction in term
infants with hypoxic-ischemic encephalopathy.
Moreover, relative sparing of the most posterior areas
(primary visual) with more severe involvement of the
anterior areas (associative visual) is a frequent pattern of
injury. (2) Perhaps, more importantly, there is poor
correlation between the severity of apparent occipital
cortex damage seen on CT or MRI and the severity of the
functional visual disability seen in affected children.?®'

In most studies of term infants with hypoxic-ischemic
encephalopathy and visual disability improvement in
visual function is frequently observed over a period of
several months or even a few years.>** There are several
possible reasons why term infants with hypoxic-ischemic
encephalopathy may show visual improvement over
time. It may be simply that the normal maturation of
visual systems that is seen in normal infants allows
residual visual potential in these brain damaged
children to become apparent over time.** Another
possible explanation is that the damage to the visual
cortex is usually incomplete. Thus, residual function may
simply reflect the still functioning portions of the visual
cortex.®

However, most investigators who have studied these
children seem to believe that some unique mechanism
involving ‘plasticity’ of the infant brain is an essential
factor in the apparent visual ‘recovery’ that is described
so frequently in these children.>**** This is in sharp
contrast to the situation in adults where the consensus is
that visual loss associated with damage to the visual
cortex is permanent and irrepairable.®® The exception to
this rule is the processing of motion. It has now been
shown that visual motion processing in cortical area MT
of the peristriate cortex will still occur, although less
robustly than usual, after ablation of the primary visual
cortex in adult nonhuman primates.* This is probably
the physiologic correlate of the ‘Riddoch phenomena’.

George Riddoch,*” a captain in the Royal Army
Medical Corps, described 10 British soldiers with
occipital cortex injuries who were able to perceive motion
within their scotomas. This study, performed during the
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first world war was ridiculed by authorities at that time.
Nevertheless, Riddoch came to the prescient conclusion
that ‘movement may be recognized as a special visual
perception separate and in addition to other perceptions’.
Evidence for plasticity of the retinogeniculate
projections in infants is supported by experimental
observations in newborn animals. Ablation of the visual
cortex in infant cats results in an interesting series of
central nervous system ‘adaptations,” which may help
explain the apparent visual improvement in term infants
with hypoxic injury to the visual cortex. Lesions of the
primary visual cortex in infant cats leads to significant
changes in the organization of several portions of the
visual system. There is a dramatic, severe retrograde
degeneration of retinal ganglion cells with a 78% loss of
retinal ganglion cells of the X/B class.*®**® Of even more
interest are the adaptative changes that take place in the
cortical areas. Anatomical studies with both anterograde
and retrograde tracing methods reveal increased
projections from the retina through the thalamus to the
posteromedial lateral suprasylvian extrastriate visual
areas of the cortex following visual cortex ablation in
neonatal cats.**** No such enhanced projections to the
PMLS cortex is seen in cats who undergo ablation of the
visual cortex as adults. Single-cell neurophysiologic
studies indicate that physiologic compensation is present
in PMLS. These cells develop visual receptive field
properties although they do not acquire response
properties of the normal striate cortex (high spatial
frequency tuning and the low contrast threshold).*>**
Moore et al*® have documented a significant difference
in visual recovery of infant vs adult monkeys with visual
cortex ablations but the precise anatomical correlates for
this recovery have not yet been defined in monkeys.
Whether a similar series of adaptations occurs in human
term infants with visual cortex damage is not known.
However, current fMRI, MEG, and EEG techniques could
be utilised to study older children who suffered infantile
visual cortex damage in an effort to see if enhanced
activity of the PMLS occurs with visual stimulation.

Associative visual cortex areas

As was stated previously, the cortical damage in term
infants from hypoxic-ischemic insult is rarely confined to
just the primary visual cortex. Indeed, a significant
subset of these children suffer insults primarily within
the associative visual areas of the occipital cortex and/or
portions of the temporal or parietal cortices. As Dutton
and co-workers® have pointed out, these children may
have visual acuity and visual field loss coupled with
specific visual disabilities attributed to damage to the
dorsal stream system (parietal lobe) or ventral stream
system (temporal lobe). Even more challenging are the



children, who present with normal or slightly reduced
acuities but with significant cognitive visual
dysfunction.®*® These children are often misdiagnosed
or even ignored because of the apparent contradictory
findings of little or no visual acuity and field loss in the
presence of significant and often ill-understood visual
complaints. The associative visual cortex areas contribute
a significant portion of the visual disability in a number
of children with brain damage and visual disability.

Optic radiations

In sharp contrast to the pattern of brain injury resulting
from hypoxia-ischemia in the term infant with the
pathology concentrated in cortical areas, the preterm
infant shows a completely different injury pattern.

If hypoxia-ischemia occurs early in gestation and the
baby is born prematurely, some oligodendrocytes and
subplate neurons are lost.® Subplate neurons appear
only transiently during development but they play an
important role in forming connections between the
thalamus and visual cortex.*” As will be seen in a
subsequent discussion, the interference with subplate
neuron development may have a significant effect on
visual attention mechanisms.

The clinical syndrome that results from neonatal
periventricular white matter damage is referred to as
periventricular leukomalacia (PVL). Affected children
usually have a spastic diplegia due to the fact that the
cortico-spinal pathways run through the periventricular
white matter. Visual impairment is common in these
children, usually manifesting as significant central visual
loss coupled with an inferior visual field loss that is
greater than the superior.*® Most authorities agree that
potential for visual ‘recovery’ in these children is
significantly less than in children with primary visual
cortex damage.>?*?* The reason for this has yet to be
determined. Nevertheless, the tantalizing possibly
is that damage to the optic radiations rather than the
primary visual cortex precludes the anomalous
projections of the retino-geniculate system to the
posteromedial lateral sylvian cortex described in the
infant visual cortex ablation experiments of Spear and
co-workers.**

Optic nerve

Optic nerve changes are frequently seen in association
with either primary visual cortex injury in term infants or
PVL in preterm infants.>** The exact frequency of optic
nerve pathology in these disorders is a subject of
debate.>* In the term infant with primary visual cortex
injury optic atrophy is said to occur in less than 20% of
cases.>* This is noteworthy. Recall that Spear and
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co-workers reported that following neonatal visual
cortex ablation in cats there is a 78% loss of retinal
ganglion cells of the X/f class. In contrast, visual cortex
ablation in adult cats results in only a 22% loss of X/f
cells. Theoretically, every child who suffers a significant
neonatal visual cortex injury should reveal some degree
of obvious optic atrophy. New scanning devices that
provide details of the retinal nerve fibre layer loss might
reveal a much higher frequency of optic atrophy in
these children than is detected by ophthalmoscopic
techniques.

Perhaps of more interest is the unique disc anomaly
associated with some cases of PVL. In 1997, Jacobson and
co-workers™ reported that a normal-sized optic disc with
a large optic cup was a specific association seen in
patients with PVL. Others have subsequently confirmed
this interesting report.>*’ This optic disc change can
mimic the changes seen in congenital glaucoma and is,
therefore, of more than phenomenological interest. On
the other hand, these disc changes seen in children with
neonatal visual cortex damage as well as those with PVL
reflect the primary ‘upstream’ insults with secondary
transsynaptic degeneration of syndrome optic nerve
fibres. The optic nerve changes are not the primary cause
of the visual disability in these children.

Visual attention mechanisms

The apparent recovery of vision in some children with
significant visual cortex damage has been discussed
previously. A complete explanation of this observation
has yet to be clearly articulated, but some reasonable
explanations have been cited. The mechanism of
recovery in cats that undergo neonatal visual cortex
ablation seems a reasonable point of departure for
further study. Less well recognized and more poorly
understood are cases of children with significant visual
problems and little or no evidence of injury to the optic
radiations or primary visual cortex. In some of these
cases, injury to the associative visual cortex may provide
an explanation, but not in all of them. Moreover, there is
very poor correlation between the clinical visual
disability seen in preterm or term infants with brain
injury and the extent of damage to the primary visual
cortex and/or optic radiations seen on MRI or CT scan.?®
It seems likely that the full extent of visual disability in
these children cannot be understood without evaluating
the visual attention mechanisms and damage to them in
addition to assessing the degree of visual cortex and
optic radiation damage.

The capacity of the visual system to process
information about multiple objects at any given moment
is limited.>" Because of limited processing resources,
multiple objects present at the same time in the visual
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field compete for neural representation. The brain
appears to handle this competition in two distinct ways:
(1) a bottom-up stimulus-driven process, and (2) a
top-down feedback attentional network.”** The visual
attention network can be divided into a posterior system
that primarily subserves visual spatial attention, and an
anterior system that functions to select the stimulus of
attention by providing ‘executive functions’. The
complete details of these areas have yet to be defined.
However, non-human primate and human studies agree
about their basic substraits.”>*®

The anterior system involved in selection of stimuli
(executive function@) depends to a great degree on the
frontal cortex (frontal eye field and supplemental eye
field areas). We have found that frontal cortex damage
that is common in term infants with hypoxic-ischemic
encephalopathy is inevitably accompanied by more
severe visual dysfunction than in cases of isolated visual
cortex damage without frontal cortex involvement. In
addition, the globus pallidus, caudate, and putamen are
essential, but other areas, especially the posterior
thalamus, may also be involved. Recall the importance of
subplate neurons in the pathophysiology of PVL and
their vital role in providing connections between the
thalamus and the cortex. Surely, their loss must
contribute to the visual deficit in PVL.

The posterior system appears to involve the inferior
parietal cortex (probably more predominantly on the
right), superior colliculus and pulvinar.’>** Involvement
of the posterior parietal cortex in term infants with visual
cortex injury adds an additional disability by interfering
with this intentional system. I would suggest that in
children with both PVL or primary cortex injury, the
visual attention mechanism systems should be carefully
evaluated on neuroimaging studies to ascertain potential
damage of them. Failure to do so will underestimate the
visual insult and disability in many children.

Conclusion

Brain injury is the leading cause of ‘blindness’ in children
in the developed world. Recent advances in our
understanding of the neuropathology of infantile brain
injury coupled with advances in prevention and
treatment of the same provide hope that this problem can
be reduced in its impact in the very near future.?® In the
meantime, there is much to be learned about the
underlying mechanisms responsible for visual disability
and potential recovery in these children. Improving our
understanding may lead to better rehabilitation and
education strategies for these children. At the very least,
it would allow us to provide a more accurate and
complete description of the problems facing these
children. They deserve no less.
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