
Novel brain imaging approaches to understand acquired and
congenital neuro-ophthalmological conditions

Rebecca S Millington#, Sara Ajina#*, and Holly Bridge
# These authors contributed equally to this work.

Abstract
Purpose of review—The arrival of large datasets and the on-going refinement of neuroimaging
technology have led to a number of recent advances in our understanding of visual pathway
disorders. This work can broadly be classified into two areas, both of which are important when
considering optimal management strategies. The first looks at delineation of damage, teasing out
subtle changes to (specific components of) the visual pathway, which may help evaluate severity
and extent of pathology. The second uses neuroimaging to investigate neuroplasticity, via changes
in connectivity, cortical thickness, and retinotopic maps within the visual cortex.

Recent findings—Here we give consideration to both acquired and congenital patients with
damage to the visual pathway, and how they differ. Congenital disorders of the peripheral visual
system can provide insight into the large-scale reorganisation of the visual cortex: these are
investigated with reference to disorders of the optic chiasm and anophthalmia (absence of the
eyes). In acquired conditions, we consider recent work describing patterns of degeneration, both
following single insult and in neurodegenerative conditions. We also discuss developments in
functional neuroimaging, with particular reference to work on hemianopia and the controversial
suggestion of cortical reorganisation following acquired retinal injury.

Summary—Techniques for comparing neuro-ophthalmological conditions with healthy visual
systems provide sensitive metrics to uncover subtle differences in gray and white matter structure
of the brain. It is now possible to compare the massive reorganisation present in congenital
conditions with the apparent lack of plasticity following acquired damage.
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Introduction
The advances in non-invasive neuroimaging techniques over the past few years have
allowed the detailed investigation of a number of neuro-ophthalmological diseases. In
particular, the use of magnetic resonance imaging (MRI) has provided insight into
differences of both structure and function of the visual pathway, shown in Figure 1A. While
the vast majority of research into such disorders is acquired using 3T scanners, the number
of 7T scanners is increasing and more studies will benefit from increasing signal-to-noise
ratio in the next few years.
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To understand the altered function of the brain in neuro-ophthalmological disorders,
functional MRI (fMRI) is usually the method of choice, as a standard 3T research scanner
provides high spatial resolution, up to around 2 × 2 × 2 mm3. Any functional changes or
differences can be related to structural measures of both connectivity and volume. A
summary of some current methods is provided below.

1. Diffusion-weighted imaging can be used to determine the integrity of white matter
pathways within the brain. It provides a sensitive measure to pick up small
differences that are unlikely to be obvious from an inspection of a T1- or T2-
weighted structural image. Fractional anisotropy (FA) provides a measure of
directionality of water molecule movement indicating the level of white matter
integrity in fiber bundles, while increases in mean diffusivity (MD) can indicate a
loss of axonal integrity.

2. Quantification of brain size and shape projected on the cortical surface permits the
measurement of cortical thickness and the depth of gyrification. Furthermore,
software such as freesurfer [1] can also assign visual areas based on cortical folding
patterns, allowing comparison even without retinotopic mapping of these areas.

3. fMRI can be used to investigate functional reorganisation that occurs in neuro-
ophthalmological disorders. Data can be acquired either during a task designed to
investigate a specific type of visual processing or changes in correlation between
visual areas while subjects are at rest (resting state analysis).

Neuroimaging may permit understanding of pathways to residual vision in hemianopia
In hemianopia, where damage along the post-chiasmatic visual pathway causes loss of
vision (Figure 1B), structural imaging has proven a useful adjunct in assessing degeneration
of pathways following damage such as stroke or traumatic brain injury. In the last few years,
any controversy regarding trans-synaptic retrograde degeneration (TRD) of retinal ganglion
cells following acquired postnatal occipital lobe damage appears to have been settled [2];
TRD has been clearly demonstrated following adult acquired occipital lobe lesions by
showing retinal nerve fiber layer thinning using optical coherence tomography (OCT) [3]
and thinning of the optic tract using MRI [4,5] in moderate sample sizes.

Structural imaging is also useful to relate functional deficits to the extent and localization of
brain damage. One interesting example with clinical application [6] relates performance at
collision avoidance with lesion location on MRI in a group of 26 hemianopic patients. This
well-known technique of function-lesion mapping is gaining resurgence through use of large
sample sizes, facilitated by the advent of shared imaging data sets.

Functional MRI in patients with hemianopia is important not only to further our
understanding of blindsight, plasticity, and recovery after brain injury, but also to increase
our understanding of the visual system. ‘Blindsight’ is the ability for a visual stimulus inside
the blind field to influence behavior despite a patient often having no awareness of seeing it
[7]. This is most consistent for moving stimuli, illustrated by fMRI activation of motion area
V5/MT+ for high contrast motion within the blind field [8-10].

Affective blindsight is the non-conscious recognition of emotional stimuli in the absence of
primary visual cortex [11]. DeGelder and colleagues have made considerable progress in
this field in well-described patient GY [12], and a patient with cortical blindness due to
bilateral occipital cortex damage. Having initially demonstrated selective activation of the
amygdala for emotional versus neutral faces [13,14], they have now shown specific activity
for directed versus averted gaze [15], and that even whole-body emotional actions can elicit
differential activation. Although these are single case studies, the results provide increasing
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support for the role of subcortical pathways bypassing V1 in blindsight. These studies also
suggest that the spatial resolution of residual pathways may be reasonably high since the
critical information about pupil direction is contained within a 0.5° window. This clearly
warrants further investigation.

The incidence of blindsight, and whether it reflects plasticity or residual pathways remains
somewhat contentious [16], and one approach to investigate this question is to compare peri-
natal lesions to those acquired later in life. Tinelli and colleagues [17] used psychophysics
tests to show that children with congenital hemianopia could perform direction and
orientation discrimination (notoriously hard to elicit in blindsight subjects), which those
with acquired hemianopia could not. They also performed a type of quadrantic-retinotopic
mapping in congenital cases, finding ipsilateral representation of the visual field in early
visual cortex in some cases. The equivalent mapping was not, however, performed in the
acquired cases so it is not clear whether such reorganization may also be present in those
cases or whether this ‘plasticity’ relates to their behavioral results.

One recent study has looked at retinotopy in acquired cases, and is the largest study of its
kind to date. It reports that two in 25 patients [18] with adult-onset visual cortex pathology
(versus one in two congenital cases) demonstrate unusual ipsilateral representation on
retinotopic mapping. This proportion is small, and only one acquired patient had fixation
recorded outside the scanner with approximately 80% of gaze within the central 2°.
However, the authors present an interesting case for reorganisation via unmasking of
ipsilateral retino-geniculate afferents that may be worth exploring further.

Neuroimaging of patients with V1 damage can also be used to inform understanding of
‘normal’ neural processing. Bridge et al. [19] investigated the role of V1 in visual mental
imagery was in a patient with bilateral damage. Despite almost complete cortical blindness
in subject SBR, visual mental imagery significantly activated specific dorsal and ventral
extrastriate regions. This is important because whilst V1 has previously been shown to be
insufficient for visual imagery, this is the first suggestion that V1 may also not be necessary.

Posterior cortical atrophy shows a distinct pattern of gray and white matter degeneration
Posterior cortical atrophy (PCA) is a progressive neurodegenerative disease, often described
as the visual variant of Alzheimer’s disease. First described by Benson et al. [20], the
disorder is characterized by an early presentation of higher order visual processing deficits
and only mild memory impairments, although memory deteriorates with progression of the
disease. In the past, poor performance on visual field tests would often be solely attributed to
cognitive visuospatial deficits. Whilst this is often the case, it is now agreed that true visual
loss can also occur in a substantial proportion of patients [21,22], such as homonymous
hemianopia due to asymmetrical onset. The condition is then often diagnosed late or not at
all, due to a focus on seeking ophthalmological causes underlying symptoms [23].

Neuroimaging has illustrated the pattern of atrophy that distinguishes PCA from other
dementias, resulting in the visual deficits indicative of the disorder. Voxel-based
morphometry (VBM) has been used in a number of studies to investigate the extent and
location of grey matter atrophy in PCA [24-27]. Alves et al. [28] recently conducted a meta-
analysis of several of these studies, concluding that the key region showing greater
degeneration in PCA than Alzheimer’s was the right occipital gyrus. Diffusion-weighted
imaging suggests that the atrophy is not limited to the gray matter, but extends to the white
matter in the parietal and occipital lobes [29] and indeed may be present throughout the
major white matter pathways involved in visuo-spatial processing [27]. However these
studies have been case studies and, given the heterogeneity of the disorder, replication is
required in larger patient groups. Nonetheless, it appears that the impairments exhibited by
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PCA patients result from a combination of gray and white matter damage. There is a lack of
fMRI studies to determine changes in visual activation patterns, with only a handful of
studies on single cases [30-32]. Only one study [31] quantified visual activation and found
decreased activation in areas V1 and V2.

The neurological basis for asymmetrical field loss has yet to be systematically investigated
using neuroimaging. Nonetheless, a significant number of studies have noted that atrophy in
PCA appears to be greater in the right hemisphere [24,33], particularly in patients with more
‘dorsal’ symptoms [27]. However it has been argued that this asymmetry is largely due to
selection biases towards patients with extensive visual dysfunction [34]. Thus while the left-
right asymmetry noted may not be characteristic of the PCA population as a whole, it may
be a facet of the pattern of atrophy underlying those with the most profound visual loss, as
exhibited in those with hemianopia.

Neuroimaging reveals considerable reorganisation of the visual pathway in bilateral
congenital anophthalmia

In bilateral anophthalmia the eyes fail to develop early in gestation, or development begins
and is arrested at an early stage (Figure 1C). It is a rare condition, only 1.8 per 100 000
(including microphthalmia) [35], and in around 50% cases there are other associated
developmental disorders. Given the rarity of the condition, little was known of the changes
in function of the ‘visual’ pathway in individuals with this condition until recently. Watkins
et al. [36] performed the first functional study of a group of anophthalmic subjects,
employing fMRI to look at both language task-related brain activity and changes in resting
state correlations throughout the brain. Interestingly, while structural imaging shows only
subtle differences in anophthalmic subjects [37], the scale of changes in function are
considerable. Using a language task they found that the lateral occipital cortex (LOC) which
normally responds to visual objects, was activated. In contrast, the calcarine region,
normally V1 responded equally to both the language task and to backwards speech.
Interestingly this contrasts with ‘early blind’ subjects who also show a specialisation for
language in V1 [38]. Using resting state fMRI data [39], Watkins et al. further determined
that LOC in the left hemisphere also became included in a left lateralized ‘language’
network, suggesting a tight coupling of response with the language regions.

These results suggest that the changes in the ‘visual’ pathway that are present in bilateral
anophthalmia may differ from those seen when loss of vision occurs post-natally and there
has been potential for pathway stimulation, either with light or endogenous retinal waves.

Cortical changes following early visual pathway damage in adulthood may not reflect
plasticity

Until recently it was considered that cortical reorganisation might still occur following
retinal pathology in adulthood [40], although this view has been contested (e.g. [41],
reviewed in [42]). The first study with a relatively large cohort of patients (n=16) with
macular degeneration used quantitative retinotopic-mapping to demonstrate an increase in
population receptive field size and eccentricity at the occipital pole in patients compared to
controls [43]. Intriguingly this difference disappears when a central scotoma is simulated in
controls during testing. Whilst they could not rule out small-scale remapping at the edges of
‘lesion-projection zones’, they suggest that instead of plasticity, population receptive fields
can be displaced and enlarged just by silencing central visual field stimulation. They
postulate that this may simply reflect the underlying properties of neuronal receptive fields,
and perhaps modulatory feedback signals from extrastriate visual cortex [44].
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Congenital defects in crossing at the optic chiasm have a profound effect on visual
organisation

There are two main conditions in which there is congenitally abnormal crossing at the
chiasm: achiasma where the optic chiasm is absent and hence there is no crossing (Figure
1D) [45], and albinism where the majority of fibers cross at the chiasm (Figure 1E) [46].
The application of modern non-invasive imaging approaches has begun to unveil how the
visual cortex copes with this abnormal input.

Two papers in the last year have applied modern imaging techniques to 3 subjects with
achiasma to understand the functional organisation in the cortex [47,48]. In both studies,
diffusion-weighted imaging showed that the white matter integrity of the splenium, through
which the visual regions pass information between the two hemispheres, was similar to
controls. This was also the case for the optic tract and optic radiation where measured.

Since the structural integrity of the visual system appears maintained, and visual fields are
complete, the visual system must reorganise functionally to use this abnormal input. In both
studies stimulation of an eye resulted in activation of the ipsilateral hemisphere, as predicted
by the anatomy. Furthermore, fMRI-based mapping of the visual hemifields demonstrated
retinotopic maps of each hemifield, superimposed in the visual cortex. Employing a
population receptive field approach, Hoffmann and colleagues showed that V1 voxels were
better modeled with a bilateral receptive fields, rather than standard contralateral
representations. Both sets of authors conclude that, given the apparently normal visual
fields, the likely encoding within the early visual cortex is at a macroscopic level. One
method of achieving this would be an interleaved representation of ipsi- and contralateral
hemifields, analogous to the ocular dominance columns present in control subjects. In the
next few years imaging at sufficiently high resolution (~0.5mm3) may uncover visualisation
of the difference in response to the two hemifields.

In human albinism, there is abnormal crossing at the chiasm, such that the majority of
temporal retinal ganglion fibers cross (Figure 1E). The abnormal pattern of activation of the
occipital cortex, in which each hemisphere contains a full representation of visual space has
been shown using fMRI [49]. Like achiasma, each eye projects to one hemisphere, but in
this condition it is the hemisphere contralateral to the eye, rather than ipsilateral.
Intriguingly, in albinism cortical representation of the two visual hemifields is in close
agreement to that described for achiasma, ie. as superimposed retinotopic maps [50]. These
superimposed representations appear to support normal visual fields [51] and independent
visual perception in both visual hemifields [52]. The visual system in albinism is also
affected by the lack of foveal development which reduces the visual acuity of those with the
condition, often resulting in considerable visual impairment. A recent study using structural
scans from a large number of subjects with albinism employed quantitative measures of
cortical morphology to uncover subtle changes in cortical structure [53]. Specifically, one of
the differences was an increase in V1 cortical thickness in albinism compared to control
subjects. Cortical thickness has previously been shown to be greater in blind subjects [54]
and those with anophthalmia[37], hypothesised to be due to a lack of axonal pruning due to
the absence of visual input. Intriguingly, the data from the subjects with albinism also
showed a significant negative correlation between V1 thickness and visual acuity,
suggesting that better vision leads to thinner visual cortex.

Conclusions
The neurological basis of several disorders described here has recently been uncovered by
the use of various non-invasive imaging techniques. There is a large discrepancy in the
plasticity and reorganisation shown in the case of congenital and acquired neuro-
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ophthalmological conditions. Congenital disorders generally lead to more reorganisation
compared to acquired cases, but this also depends on whether the condition affects the
cortex (e.g. hemianopia) or peripheral visual system (i.e. retina or chiasm). It is important
not only to focus on situations of reorganisation, but also significant negative findings, and
to quantitatively delineate areas in the visual pathway that have been damaged. This may
help to target certain therapies within a stable visual system, and to evaluate those situations
where rehabilitation may be most beneficial.
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Key Points

• Neuroimaging has uncovered both degeneration and reorganisation in a range of
neuro-ophthalmological disorders

• Cortical reorganisation is greater in congenital, compared to acquired conditions

• Functional fMRI can indicate brain regions that are active even in the absence of
perception

• Disorders of the optic chiasm result in abnormal functional organization, with
relatively normal perception
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Figure 1. Neuroimaging can be applied to investigate neuro-ophthalmological disorders at
multiple points in the visual pathway.
A indicates the normal visual pathway where input from the eyes is reorganised at the optic
chiasm such that one cortical hemisphere represents one side of visual space. B is the
extreme condition where damage to the eyes prevents any visual input reaching the brain. C
and D illustrate disorders of the chiasm in which cortical organization is abnormal (C
Achiasma; D Albinism). E shows the effects of cortical visual damage resulting in
homonymous hemianopia, a loss of vision on one side of visual space.
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