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ABSTRACT

The aim of this study was to compare the pattern of changes in brain structure resulting from
congenital and acquired bilateral anophthalmia. Brain structure was investigated using 3T magnetic
resonance imaging (MRI) in Oxford (congenital) or Manchester (acquired). T1-weighted structural
and diffusion-weighted scans were acquired from people with anophthalmia and sighted control
participants. Differences in grey matter between the groups were quantified using voxel-based
morphometry and differences in white matter microstructure using tract-based spatial statistics.
Quantification of optic nerve volume and cortical thickness in visual regions was also performed in
all groups. The optic nerve was reduced in volume in both anophthalmic populations, but to
a greater extent in the congenital group and anophthalmia acquired at an early age. A similar
pattern was found for the white matter microstructure throughout the occipitotemporal regions of
the brain, suggesting a greater reduction of integrity with increasing duration of anophthalmia. In
contrast, grey matter volume changes differed between the two groups, with the acquired
anophthalmia group showing a decrease in the calcarine sulcus, corresponding to the area that
would have been peripheral primary visual cortex. In contrast, the acquired anophthalmia group
showed a decrease in grey matter volume in the calcarine sulcus corresponding to the area that
would have been peripheral primary visual cortex. There are both qualitative and quantitative
differences in structural brain changes in congenital and acquired anophthalmia, indicating differ-
ential effects of development and degeneration.
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Introduction
eyes are lost either through trauma or surgical

A large proportion of the human brain is dedicated
to the processing of visual information and in the
case of sensory loss, this neural tissue may be used
for other functions. In many cases, however, the
visual loss is not complete, leaving some residual
visual perception, even if only the ability to perceive
light. The most extreme form of visual deprivation
occurs when there is no input from the eyes due to
their absence, known as anophthalmia.

Congenital bilateral anophthalmia is the absence
of both eyes and is characterised by a ‘visual’ system
that has never experienced pre- or post-natal visual
stimulation. Congenital anophthalmia without any
other neurological impairment provides an ideal
population to study the effects of complete visual
deprivation on healthy brain tissue. The same is
true of acquired bilateral anophthalmia where both

removal of both eyes due to diseases such as retino-
blastoma, or end-stage glaucoma, and thus occurs
after visual system development. Comparing conge-
nital and acquired bilateral anophthalmia allows the
study of visual pathway and whole-brain reorganisa-
tion and/or degeneration in the context of complete
vision loss taking place either before (congenital) or
after (acquired) visual system development.
Structural brain changes due to both congenital
and acquired blindness have been described in grey
and white matter. Grey matter atrophy (up to
20-25%) has been noted in primary ‘visual’ areas’”
and extra-striate regions” in early blind individuals
compared with sighted controls. Reduced white mat-
ter volume and fractional anisotropy (FA) were
found in the optic chiasm, optic nerves, and optic
radiations, as well as regions of the occipital lobe and
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corpus callosum™ in congenital and early-onset
blindness, although the global organisation of the
splenium remains unchanged.” While there is con-
siderable variability in the patterns of structural brain
changes in blindness, some features are consistently
present. This has been investigated in a large group
(n > 50) of blind participants with different under-
lying causes, who showed consistent reduction in
lateral geniculate nucleus (LGN) and V1 volume
and increase in V1 cortical thickness. Furthermore,
white matter microstructure within the optic radia-
tion also showed abnormalities across the blind
participants.* However, although these differences
are consistent across congenital and acquired blind-
ness, they are likely to result from different plastic
processes; altered development in the former case
and degeneration in the latter.

Here we compare individuals with congenital
and acquired bilateral anophthalmia to characterise
the patterns of degeneration and reorganisation in
these two different groups. Specifically, the anterior
visual pathway (optic nerve) and cerebral cortex
grey and white matter are quantified relative to
healthy, sighted control participants.

Materials and methods
Participants

Fifteen participants with anophthalmia and 20
control participants were recruited in total. Of
the participants with anophthalmia, six had con-
genital bilateral anophthalmia (mean age 29 years,
range 21-37 years, four males, two females), one
had congenital bilateral microphthalmia and eight
had acquired bilateral anophthalmia (mean age
51 years, range 25-70 years, three males; five females)
(see Table 1 for details). Of the congenital anophthal-
mic group: case 1 had congenital anophthalmia with
apathogenic variant in the gene OTX2; case 6 had
congenital microphthalmia due to Norrie disease
with a pathogenic variant in the NDP gene. Neither
of these cases, nor any of the others had any syndro-
mal, in particular neurological, symptoms, or signs.
Twenty sighted controls with normal vision (Snellen
best corrected visual acuity of 6/6 or better) were also
recruited. Of these, 12 were controls for the congenital
anophthalmia group (mean age 31 years, range 24-46,

Table 1. Demographics and blindness information for all
anophthalmic cases.

Age Age blindness  # years % of life
Subject ID Gender (years) onset (years) blind  spent blind
Congenital 1T Male 34 0 34 100%
Congenital 2 Female 38 0 38 100%
Congenital 3 Female 23 0 23 100%
Congenital 4  Male 29 0 29 100%
Congenital 5 Male 30 0 30 100%
Congenital 6  Male 21 0 21 100%
Acquired 1 Male 54 2 52 96%
Acquired 2 Male 47 1 46 98%
Acquired 3 Male 61 36 25 11%
Acquired 4 Female 60 40 20 33%
Acquired 5 Female 70 56 14 20%
Acquired 6 Female 25 20 5 20%
Acquired 7 Female 28 21 7 25%
Acquired 8 Female 65 35 30 46%

six males, six females) and 8 were controls for the
acquired anophthalmia group (mean age 41 years,
range 33-61 years, two males, six females). Due to
the location of the participants, scanning was carried
out at two sites: participants with congenital
anophthalmia and their sighted controls at the
University of Oxford (Oxford site); and acquired
anophthalmia participants and their controls at the
University of Manchester (Manchester site). This
study was granted ethical approval by the South
Central Oxford Research Ethics Committee (B/11/
SC/0093) and all participants gave written informed
consent prior to participation.

MR imaging acquisition

Oxford

Images were acquired using a Siemens Verio 3-Tesla
whole body magnetic resonance imaging (MRI)
scanner and a 32-channel coil at the Functional
Magnetic Resonance Imaging of the Brain Centre
(University of Oxford). Structural images were
acquired at 1 mm isotropic resolution using a T1-
weighted magnetization prepared rapid gradient
echo (MPRAGE) sequence (TR = 2040 ms,
TE = 4.7 ms, flip angle = 8°, 192 transverse slices, 1
mm isotropic voxels). Diffusion-weighted images
were acquired axially using echo-planar imaging
with 2 mm?® isotropic voxels. The diffusion weight-
ing was isotropically distributed through space
along 60 directions using a b-value of 1500 s/mm’.
Four volumes with no diffusion weighting were
acquired during each sequence.



Manchester

Images were acquired using a Philips 3-Tesla whole
body MRI scanner and a 32-channel coil at the NIHR/
Wellcome Trust Clinical Research Facility (University
of Manchester). Structural images were acquired at
1 mm isotropic resolution using a T1-weighted
MPRAGE sequence (TR = 2439 ms, TE = 8.7 ms,
flip angle = 8°, 192 transverse slices, 1 mm isotropic
voxels). Diffusion-weighted images were acquired axi-
ally using echo-planar imaging with 2 mm? isotropic
voxels. The diffusion weighting was isotropically dis-
tributed through space along 61 directions using
a b-value of 1500 s/mm?®. One volume with no diffu-
sion weighting was acquired during each sequence.

Data analysis

Structural MRI data were analysed using voxel-
based morphometry (VBM) in order to investigate
voxel-wise differences in local grey matter volume
between groups, specifically FSL-VBM (http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM), an optimised
VBM protocol’ carried out with FSL tools.’
Images from each site (Oxford and Manchester)
were analysed separately. First, structural images
were brain-extracted, tissue-type segmented and
registered to MNI-152 standard space using non-
linear registration.” The resulting images were aver-
aged and flipped along the x-axis to create a left-
right symmetric, study-specific grey matter tem-
plate. Second, all native grey matter images were
non-linearly re-registered to this study-specific
template and “modulated” to correct for local
expansion (or contraction) due to the non-linear
component of the spatial transformation. The
modulated grey matter images were then smoothed
with an isotropic Gaussian kernel (3 mm sigma).
Diffusion data were analysed by calculating FA
maps and comparing local FA between blind and
sighted groups. FA is a measure of diffusion direction
strength and can be used as an indication of fibre
density. Voxel-wise statistical analysis of the FA data
was carried out using TBSS (Tract-Based Spatial
Statistics,” part of FSL).° Images from each site
(Oxford and Manchester) were analysed separately.
First, FA images were created by fitting a tensor
model to the raw diffusion data using FDT and then
brain-extracting each image. All subjects’ FA data
were then aligned to MNI-152 standard space using
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the non-linear registration.” Next, the mean FA image
was created and thinned to create a mean FA skeleton
that represents the centres of all tracts common to the
group. Each subject’s aligned FA data were then pro-
jected onto this skeleton (shown in green in figures)
and the resulting data fed into voxel-wise cross-subject
statistics. A similar procedure was undertaken to
quantify differences in mean diffusivity (MD). Data
from one participant with congenital anophthalmia
and one with acquired anophthalmia had to be dis-
carded due to movement artefacts.

For both grey matter volume and FA, voxel-
wise general linear modelling (GLM) was applied
using permutation-based non-parametric testing
(5000 permutations) to investigate significant dif-
ferences between the ‘anophthalmic’ and control
groups with threshold-free cluster enhancement
correction. However, as the acquired anophthal-
mic and Manchester controls were not well age
matched, age was added as a covariate of no inter-
est in both VBM and TBSS design matrices. An
additional VBM and TBSS design was used to
investigate the negative effect of blindness years
in the Manchester data; demeaned percentage of
total lifetime spent blind was calculated for each
subject (0% for Manchester controls, see Table 1 for
acquired anophthalmics). The Juelich Histological
Atlas, Harvard-Oxford Cortical Structural Atlas,
and JUH White-Matter Tractography Atlas as
implemented in fslview (version 3.2.0) were used to
identify structures and regions of interest for further
analyses.

Optic nerve analysis

Structural T1-weighted MPRAGE images were used
to assess the integrity of the optic nerve in congenital
and acquired anophthalmia. In order to quantitatively
compare optic nerve integrity across subject groups,
an approximate left and right optic nerve mask was
drawn coronally for a maximum of 15 slices within
the orbit until the orbito-canalicular junction (range
12-15 slices depending on visibility), starting at the
first slice posterior to the globe when the optic nerve
could be identified as a distinct structure. The masks
were drawn larger than the actual optic nerve, as the
size of the mask was then limited by the intensity of
the image, to ensure that only white matter voxels
were included. The same threshold value was used
across sighted and anophthalmic participants from
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a particular site (Oxford and Manchester), and the
thresholds were chosen to maximise the optic nerve
size in control participants, which ensuring volume at
the two sites was as comparable as possible. The
difference in scanner and scan sequence at the two
scan sites, particularly the presence and absence of fat
suppression meant that different intensity values were
required. The approach is similar to the method used
previously to quantify the optic tract in patients with
hemianopia,” and is designed to ensure the definitions
are as objective and replicable as possible. This is
important because although the analysis was per-
formed without researcher knowledge of participant
identity, the usual types of blinding that would be
used for the brain, such as removing non-brain tissue
were not possible. The volume (mm?®) of these masks
was extracted, summed across the left and right nerves
and mean volume for sighted and anophthalmic
groups were compared separately for the two sites.

Cortical thickness

Structural T1-weighted MPRAGE images were also
analysed using Freesurfer (http://surfer.nmr.mgh.
harvard.edu).'” The images were segmented into
tissue types'' and average cortical thickness values
were calculated from those areas that can be reliably
defined based on anatomical features (V1, V2, MT/
V5, primary somatosensory cortex: Brodmann
areas 3a and 3b and primary motor cortex:
Brodmann areas 4a and 4p).

In addition to standard t-tests that were performed
on the samples to determine whether there was
a significant difference between the anophthalmic
and control groups, a Bayesian t-test was performed
using the open-source software package JASP."
Bayesian analyses permit a test of the relative strength
of evidence for the null hypothesis (Hy: no difference
in cortical thickness) versus the alternative hypothesis
(H,: difference in cortical thickness between the two
groups).”

Results

The absence of the eyes impacts upon the optic
nerve

Structural T1-weighted MPRAGE images were used
to assess the integrity of the optic nerve in congenital
and acquired anophthalmia. Figure 1 shows axial

slices for all congenital (A) and six of the acquired
(B) anophthalmic cases where the optic nerve is
normally located. For comparison, a sighted subject
from each site is also shown. Where identified, the
optic nerve is indicated by a white arrow. The optic
nerve was significantly reduced in both anophthal-
mia groups, while the congenital group appeared to
show even greater reduction than the acquired group
(C). Optic nerve volume was significantly lower in
both blind groups compared to their respective con-
trol groups (independent-samples t-test; congenital
group t = 6.5; d.f. = 17; p < 1x10™% acquired group
t=5.8; d.f. = 16; p < 1x10~*). Optic nerve volume for
each individual subject at the Manchester site is
plotted against percentage of life spent blind in
D. There is a significant negative correlation across
both sighted and anophthalmic cases (Pearson’s
R = 0.56, p < .005).

Grey matter volume reduction present in acquired
anophthalmia

There were no brain areas in either the congenital or
acquired anophthalmia groups that showed increased
grey matter volume compared with the sighted control
group using a whole brain approach. In contrast, the
group with acquired anophthalmia showed a decrease
in grey matter volume in the anterior calcarine region
compared with sighted controls (Figure 2; shown on
MNI standard brain). This region corresponds to
primary ‘visual’ cortex (Juelich Histological Atlas).
No significant differences were found in the congeni-
tally anophthalmic group, although it should be noted
that the sample sizes are relatively small.

Next, we investigated whether any changes in
grey matter volume in acquired anophthalmia
(increases or decreases compared with sighted con-
trols) were related to age of blindness onset. This
was done with an additional VBM group compar-
ison looking at negative effects of blindness years
(measured as demeaned percentage of total lifetime
spent blind, in order to account for age differences
between the groups). This yielded no significant
results at a group level. In order to look at both
blind and sighted groups, grey matter volume in
‘visual’ areas V1, V2 and V5/MT was extracted in
all subjects (Juelich Histological Atlas definitions;
V1 and V2 thresholded at 40%, MT/V5 thresholded
at 15%). No significant correlations were found
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Figure 1. Optic nerve analysis using T1-weighted MPRAGE images. Axial slices show the expected location of the optic nerve in all
congenital (a) and six of the acquired (b) anophthalmic cases. For comparison, the optic nerves from two example controls are also
shown. In each case, white arrows point to the optic nerve if present. Mean optic nerve volume for each group (c) is plotted. Error bars
represent standard error of the mean. Finally, optic nerve volume for each acquired anophthalmic case and relevant controls was
plotted against % life spent blind, revealing a significant negative correlation (d, Pearson’s r = 0.56, p < .005).

between percentage lifetime spent blind and grey
matter volume in any regions (left and right hemi-
sphere together or separately). Additional compar-
isons were made with age of blindness onset and
number of years of blindness, which also yielded no
significant correlations.

Increased V1 cortical thickness in congenital, but
not acquired anophthalmia

Cortical thickness in primary visual cortex (V1) has
consistently been shown to be greater in congenital
blindness compared with sighted controls. In the
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Figure 2. Reduced grey matter volume in acquired anophthalmia compared to sighted controls in the anterior calcarine in the right
hemisphere. The colour represents the significance of the difference between the two groups. Data are shown on the MNI standard

brain.

congenital anophthalmia group, regions correspond-
ing to both V1 (t = 3.7; d.f. = 17; p < .005) and V2
(t =3.3; d.f. = 17; p < .005) were thicker than in the
sighted control group. This was not the case for any of
the other regions shown in Figure 3a. Furthermore,
there were no significant differences between the
acquired anophthalmia group and the relevant
sighted controls (Figure 3b). To aid interpretation of
the null effect in the acquired group, a Bayesian t-test
was also performed on these data. The Bayes factor
(BF;) for the null hypothesis (i.e. no difference in
cortical thickness) was 1.4 times more likely that the
alternative hypothesis (a difference in cortical thick-
ness) in V1 and 2.1 times more likely in V2. This
suggests the lack of difference is not due to insufficient
power.

Given the wide range in the duration of
anophthalmia in this group, a second analysis was
undertaken in which cortical thickness in V1 and
V2 was correlated with both the age of blindness
onset and the proportion of life spent blind. Using
only the acquired anophthalmia group there was no
correlation with per cent life spent blind in either
V1 (r = 0.48; p = .23; Figure 3c) or V2 (r = 0.46;
p = .26; Figure 3e). The age of onset of blindness
had a stronger relationship with cortical thickness,
but was not significant in either area, particularly
when Bonferroni correction was applied (V1:
r = —-0.69; p = .058; Figure 3d V2: r = —0.68;
p = .064; Figure 3f). A Bayesian correlation was
also performed on these data. In contrast to the
result in the previous section, the Bayes factor
(BFy;) was below 1, indicating little evidence for
the null hypothesis (no relationship between

cortical thickness and age of blindness onset: BFg,;
for V1 = 0.49; BF,; for V2 = 0.53). Thus, it is
possible there may be a correlation, but we do not
have sufficient power to detect it.

A potentially interesting result is the discrepancy
between the two individuals with acquired anophthal-
mia who have spent over 90% of their lives blind. One
shows increased cortical thickness whereas the other
is comparable to control participants. Both are the
same gender and fall within a similar age range at
time of scan (45-55 years). However, inspection of the
optic nerve volume indicates that the individual with
thicker cortex also shows greater optic nerve integrity,
suggesting perhaps that relative preservation of tissue
in the anterior visual system can lead to increased
tissue downstream. Alternatively, it may be that the
participant with increased cortical thickness has
greater cross-modal plasticity, comparable to the con-
genital anophthalmia group. Whether the small dif-
ference in age of blindness onset (one year compared
to two years) could account for this difference remains
to be determined in larger studies.

White matter microstructure altered in both
congenital and acquired anophthalmia

There were no significant increases in FA in either the
congenital or acquired anophthalmia groups com-
pared to the sighted control groups. Figure 4 shows
the regions of white matter showing reduced FA in
the congenital (A) and acquired (B) anophthalmia
groups compared to the relevant controls. Results
are thresholded at p < .05 corrected using Threshold
Free Cluster Enhancement (TFCE).
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Figure 3. Cortical thickness in visual regions of interest. A shows the cortical thickness measures in the congenital anophthalmia group
and controls. Cortical thickness in V1 and V2 of the congenital anophthalmia groups was significantly greater than sighted controls.
B shows the same data for the acquired anophthalmia group. There are no significant differences in cortical thickness in any areas in
the acquired anophthalmia group. C shows the correlation between % life spent blind and V1 cortical thickness. D shows the
correlation between age of blindness onset and V1 cortical thickness. Asterisks indicate p < .005.

FA was significantly reduced bilaterally along the
optic radiations in both congenital and acquired
anophthalmia, although this reduction appears pri-
marily in the left optic radiations in the congenital
group. In the acquired group, FA reductions in the
optic radiations overlapped with and extended to
the longitudinal fasciculus (inferior and superior)
and fronto-occipital fasciculus (according to JUH
White-Matter Tractography atlas; MNI coordinates
X =+25to +35, Y = =31 to +19, Z = —14 to +26).

In the acquired anophthalmia group only (Figure
4b), FA was also reduced in the thalamus (MNI
coordinates —22, —30, +39). This region near the
end of the anterior thalamic radiations is known to
project to the occipital, posterior-parietal and tem-
poral cortices (according to the Oxford Thalamic
Connectivity Probability atlas) and corresponds to

where the pulvinar is normally located (Leh et al,,
2008). Finally, FA in the congenital group only
(Figure 4a) was reduced in the anterior corpus
callosum (see Figure 4a at MNI coordinate Z = +2).

To confirm that different FA results in congenital
anophthalmia versus acquired groups were not due to
different group sizes (five congenital cases as opposed
to seven acquired cases), an additional TBSS analysis
was performed for the Manchester data with only the
five youngest acquired anophthalmic cases (to match
the group size and age of the congenital cases).
Reduced FA (compared to sighted controls) in this
smaller acquired group did not differ from the larger
group.

A second analysis was performed on the acquired
anophthalmia group to determine the regions of
white matter that exhibited a change in FA related
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Figure 4. Reduced FA in congenital (a) and acquired (b) anophthalmia groups compared to sighted controls. Red-yellow regions
indicate significantly lower FA in the congenital anophthalmia group and blue shows those significantly lower in the acquired
anophthalmia group. For visualisation purposes, all statistical maps are thresholded at p < .05 (after TFCE correction for multiple

comparisons).

to the percentage of life spent blind. Figure 5a shows
the white matter tracts in the brain that showed an
inverse relationship with the percentage of life spent
blind, that is that the longer the period spent blind,
the lower the FA. This correlation was restricted to
the optic radiation. Indeed, when the FA extracted
from the entire optic radiation was correlated with
percentage of life spent blind across all participants
(Figure 5b) there was a significant negative correla-
tion (Pearson’s r = —0.73, p < .00001). However,
there was no significant correlation in the blind
groups alone, so this result is likely driven by overall
lower FA in both blind groups compared to sighted
controls.

Discussion

The current study has considered the most extreme
version of blindness, bilateral anophthalmia, in
which the eyes are absent. Two separate popula-
tions were considered, a congenital group in whom

the eyes did not develop, and an acquired one in
whom the eyes were removed after birth. While the
resulting absence of vision is the same in both
populations, the visual and developmental experi-
ence is considerably different, reflected in some
differences between groups.

The anterior visual system is significantly altered in
both types of anophthalmia

The considerable changes in the anterior visual sys-
tem, previously shown in the congenital group using
detailed MRI of the cranial nerves,'* are not surpris-
ing when taking into consideration difference in time
of onset of blindness. In congenital cases, the absence
of the globe will invariably affect development of the
optic nerve, leading to the total absence or extreme
hypoplasia. Where the globes have been removed, as
in the case of acquired anophthalmia, the previously
intact optic nerves become deafferented, and the
ganglion cells will undergo anterograde (Wallerian)
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acquired anophthalmia group. Mean optic radiation FA (both hemispheres) plotted against percentage of lifetime spent blind for the
congenital anophthalmics (black circles, all 100%), acquired anophthalmics (grey squares), congenital controls (white circles, all 0%)

and acquired controls (white squares, all 0%).

degeneration. That this is a progressive degeneration
is reflected in the correlation between optic nerve and
the age of blindness onset. While the correlation is
significant, there is also a reduction in optic nerve
volume in those who had their eyes removed in the
sixth or seventh decade. This is likely to reflect, in part,
the age-related decrease in retinal ganglion fibres
noted previously."” It is perhaps surprising how
small the reduction of optic nerve volume is in the
participants whose eyes were removed in adulthood.
Given the direct damage to the cell bodies and con-
sequent loss of activity, greater volume loss might be
expected.

Grey matter changes differ in acquired and
congenital anophthalmia

There were two main results from the analysis of
grey matter in these anophthalmic populations,
both relating to the calcarine sulcus, the cortical

region that would be classified as V1 in sighted
participants. Firstly, the acquired anophthalmia
population showed a significant decrease in grey
matter in the anterior portion of this structure.
This decrease is likely the result of trans-synaptic
degeneration resulting from the removal of the
eyes. Since people who become blind later in life
tend to show less reorganisation'®* than those
who are congenitally blind, the reduction in input
from the eyes is likely to be the main driver of
structural change. In congenitally anophthalmic
participants cross-modal plasticity ensures that
the occipital lobe, including the calcarine sulcus,
continues to receive both cortico-cortical input
and some subcortical input.'”*'~** In addition to
the functional activation, the significant increase
in cortical thickness in this region that was present
for the congenitally anophthalmic group is likely
to counteract any decrease in volume. Increased
thickness in the calcarine sulcus has been found
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consistently across studies of congenitally blind
people,*>” and appears to reflect a lack of the
usual pruning that makes V1 one of the thinnest
regions of the cortical ribbon. A large study of people
with blindness acquired at different ages also appears
to support this finding, indicating that V1 becomes
thinner during childhood and adolescence.”® Thus,
as found here, people in whom blindness occurs after
this period do not show increased cortical thickness
in V1. An alternative explanation, however, using
multi-modal MRI has shown that apparent thinning
in extra-striate cortex may actually be an increase in
cortical myelination, which affects the definition of
the grey and white matter boundary.” Whether this
is also the case for V1 remains to be determined.

Consistent white matter changes in optic radiation
in both congenital and acquired anophthalmia

As in the majority of previous studies of blind
populations,””**™** changes in the white matter
microstructure of the optic radiations represent the
most prominent difference between both anophthal-
mia groups and sighted controls. This consistency
has been shown previously by Reislev et al.** for
congenital and late acquired blindness. Since much
of the optic radiation shows a significant inverse
correlation with the proportion of life spent blind
in the acquired anophthalmia group, it is likely that
the change is due to degeneration of these deaffer-
ented fibre bundles. This finding is consistent with
that of Reislev et al. in acquired blindness, due to
heterogeneous causes, although there was no such
correlation in the study of Wang et al.**

The reduction in FA in the optic radiations seen
in the congenitally anophthalmic group presum-
ably reflects the reduction in usage of this nor-
mally dominant tract. The atrophy of the LGN in
this population’” and other congenitally blind
populations®** is consistent with a loss of major
input along the optic radiations. Instead the input to
the occipital lobe is projected predominantly via
cortico-cortical connections. The reduction of FA
in the acquired group appears to be more extensive
than the congenital group, a finding that is robust
even when subject numbers are comparable. While
this may seem counterintuitive, anophthalmia that is
acquired later in life will not lead to extensive cross-
modal plasticity,'” and therefore visual pathways will

no longer be used and will likely atrophy. In contrast,
the extensive cross-modal plasticity is present in
congenital anophthalmia®~** is likely to protect
pathways beyond the optic radiations.

Conclusion

Bilateral anophthalmia is the most extreme version
of blindness, and this is reflected in the extensive
atrophy of the optic nerve and abnormalities of the
white matter tracts within the occipital lobe.

Acknowledgments

We would like to thank Dr Laura Parkes and Professor
Graeme Black for facilitating scanning of anophthalmic indi-
viduals in Manchester.

Funding

This work was supported by the Royal Society (University
Research Fellowship to HB), the Wellcome Trust [090684/Z/
09/A] to RGF. The Wellcome Centre for Integrative
Neuroimaging is supported by core funding from the
Wellcome Trust [203139/Z/16/Z].

Declaration of interest statement

The authors report no conflicts of interest.

References

1. Noppeney U, Friston KJ, Ashburner ], Frackowiak R,
Price CJ. Early visual deprivation induces structural
plasticity in gray and white matter. Curr Biol. 2005;15
(13):R488-490. doi:10.1016/j.cub.2005.06.053.

2. Ptito M, Schneider FC, Paulson OB, Kupers R. Alterations
of the visual pathways in congenital blindness. Exp Brain
Res. 2008;187(1):41-49. doi:10.1007/s00221-008-1273-4.

3. Bock AS, Saenz M, Tungaraza R, Boynton GM, Bridge H,
Fine I. Visual callosal topography in the absence of retinal
input. NeuroImage. 2013;81:325-334. doi:10.1016/j.neuro
image.2013.05.038.

4. Aguirre GK, Datta R, Benson NC, et al. Patterns of
individual variation in visual pathway structure and
function in the sighted and blind. PLoS One. 2016;11
(11):e0164677. doi:10.1371/journal.pone.0164677.

5. Good CD, Johnsrude IS, Ashburner J, Henson RN,
Friston K]J, Frackowiak RS. A voxel-based morphometric
study of ageing in 465 normal adult human brains.
NeuroImage. 2001;14:21-36. doi:10.1006/nimg.2001.0786.


https://doi.org/10.1016/j.cub.2005.06.053
https://doi.org/10.1007/s00221-008-1273-4
https://doi.org/10.1016/j.neuroimage.2013.05.038
https://doi.org/10.1016/j.neuroimage.2013.05.038
https://doi.org/10.1371/journal.pone.0164677
https://doi.org/10.1006/nimg.2001.0786

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Smith SM, Jenkinson M, Woolrich MW, et al. Advances

in functional and structural MR image analysis and
implementation as FSL. NeuroImage. 2004;23:208-219.
doi:10.1016/j.neuroimage.2004.07.051.

. Andersson JLR, Jenkinson M, Smith S Non-linear regis-

tration aka Spatial normalisation. FMRIB Technical Report
TRO7JA2 from wwwfmriboxacuk/analysis/techrep. 2007.

. Smith SM, Jenkinson M, Johansen-Berg H, et al. Tract-

based spatial statistics: voxelwise analysis of multi-subject
diffusion data. NeuroImage. 2006;31:1487-1505.

. Bridge H, Jindahra P, Barbur ], Plant GT. Imaging reveals

optic tract degeneration in hemianopia. Invest Ophthalmol
Vis Sci. 2011;52(1):382-388. doi:10.1167/i0vs.10-5708.
Dale AM, Fischl B, Sereno MI. Cortical surface-based
analysis. I. Segmentation and surface reconstruction.
Neurolmage. 1999;9:179-194. doi:10.1006/nimg.1998.
0395.

Fischl B, Dale AM. Measuring the thickness of the
human cerebral cortex from magnetic resonance
images. Proc Natl Acad Sci USA. 2000;97:11050-11055.
doi:10.1073/pnas.200033797.

Wagenmakers EJ, Marsman M, Jamil T, et al. Bayesian
inference for psychology. Part I: theoretical advantages
and practical ramifications. Psychon Bull Rev. 2018;25
(1):35-57. doi:10.3758/s13423-017-1343-3.
Wagenmakers EJ, Love ], Marsman M, et al. Bayesian
inference for psychology. Part II: example applications
with JASP. Psychon Bull Rev. 2018;25(1):58-76.
doi:10.3758/513423-017-1323-7.

Bridge H, Ragge N, Jenkinson N, Cowey A, Watkins KE.
The fate of the oculomotor system in clinical bilateral
anophthalmia. Vis Neurosci. 2012;29(3):193-202. doi:10.
1017/50952523812000119.

Johnson BM, Miao M, Sadun AA. Age-related decline of
human optic nerve axon populations. Age (Omaha).
1987;10:5-9. doi:10.1007/BF02431765.

Burton H. Visual cortex activity in early and late blind
people. J Neurosci. 2003;23(10):4005-4011. doi:10.1523/
JNEUROSCI.23-10-04005.2003.

Burton H, Snyder AZ, Conturo TE, Akbudak E,
Ollinger JM, Raichle ME. Adaptive changes in early and
late blind: a fMRI study of Braille reading. ] Neurophysiol.
2002;87(1):589-607. doi:10.1152/jn.00285.2001.
Collignon O, Dormal G, Albouy G, et al. Impact of
blindness onset on the functional organization and the
connectivity of the occipital cortex. Brain. 2013;136(Pt
9):2769-2783. doi:10.1093/brain/awt176.

Jiang F, Stecker GC, Boynton GM, Fine I. Early blind-
ness results in developmental plasticity for auditory
motion processing within auditory and occipital
cortex. Front Hum Neurosci. 2016;10:324. doi:10.3389/
fnhum.2016.00324.

Bedny M, Pascual-Leone A, Dravida S, Saxe R.
A sensitive period for language in the visual cortex:

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

NEURO-OPHTHALMOLOGY 85

distinct patterns of plasticity in congenitally versus late
blind adults. Brain Lang. 2012;122(3):162-170. doi:10.
1016/j.bandl.2011.10.005.

Coullon GS, Jiang F, Fine I, Watkins KE, Bridge H.
Subcortical functional reorganization due to early
blindness. | Neurophysiol. 2015;113(7):2889-2899. doi:
10.1152/jn.01031.2014.

Watkins KE, Cowey A, Alexander I, et al. Language net-
works in anophthalmia: maintained hierarchy of proces-
sing in ‘visual’ cortex. Brain. 2012;135(Pt 5):1566-1577.
doi:10.1093/brain/aws067.

Watkins KE, Shakespeare T], O'Donoghue MC, et al. Early
auditory processing in area V5/MT+ of the congenitally
blind brain. J Neurosci. 2013;33(46):18242-18246. doi:10.
1523/JNEUROSCI.2546-13.2013.

Bridge H, Watkins KE. Structural and functional brain
reorganisation due to blindness: the special case of bilat-
eral congenital anophthalmia. Neurosci Biobehav Rev.
2019;107:765-774. doi:10.1016/j.neubiorev.2019.10.006.
Bedny M. Evidence from blindness for a cognitively plur-
ipotent cortex. Trends Cogn Sci. 2017;21(9):637-648.
doi:10.1016/j.tics.2017.06.003.

Bedny M, Konkle T, Pelphrey K, Saxe R, Pascual-Leone
A. Sensitive period for a multimodal response in human
visual motion area MT/MST. Curr Biol. 201020
(21):1900-1906. doi:10.1016/j.cub.2010.09.044.

Bedny M, Pascual-Leone A, Dodell-Feder D, Fedorenko E,
Saxe R. Language processing in the occipital cortex of
congenitally blind adults. Proc Natl Acad Sci U S A. 2011;
108:4429-4434.

Huber E, Chang K, Alvarez I, Hundle A, Bridge H, Fine L
Early blindness shapes cortical representations of auditory
frequency within auditory cortex. J Neurosci. 2019;39
(26):5143-5152. doi:10.1523/J]NEUROSCI.2896-18.2019.
Huber E, Jiang F, Fine I. Responses in area hMT+ reflect
tuning for both auditory frequency and motion after blind-
ness early in life. Proc Natl Acad Sci U S A. 2019116
(20):10081-10086. doi:10.1073/pnas.1815376116.

Jiang F, Stecker GC, Fine I. Auditory motion processing
after early blindness. J Vis. 2014;14(13):4. doi:10.1167/
14.13.4.

Crucianelli L, Serpell L, Paloyelis Y, et al. The effect of
intranasal oxytocin on the perception of affective touch
and multisensory integration in anorexia nervosa: proto-
col for a double-blind placebo-controlled crossover study.
BMJ Open. 2019;9(3):¢024913. doi:10.1136/bmjopen-
2018-024913.

Renier LA, Anurova I, De Volder AG, Carlson S,
VanMeter J, Rauschecker JP. Preserved functional spe-
cialization for spatial processing in the middle occipital
gyrus of the early blind. Neuron. 2010;68(1):138-148.
doi:10.1016/j.neuron.2010.09.021.

Voss P, Zatorre R]. Occipital cortical thickness predicts
performance on pitch and musical tasks in blind


https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1167/iovs.10-5708
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1073/pnas.200033797
https://doi.org/10.3758/s13423-017-1343-3
https://doi.org/10.3758/s13423-017-1323-7
https://doi.org/10.1017/S0952523812000119
https://doi.org/10.1017/S0952523812000119
https://doi.org/10.1007/BF02431765
https://doi.org/10.1523/JNEUROSCI.23-10-04005.2003
https://doi.org/10.1523/JNEUROSCI.23-10-04005.2003
https://doi.org/10.1152/jn.00285.2001
https://doi.org/10.1093/brain/awt176
https://doi.org/10.3389/fnhum.2016.00324
https://doi.org/10.3389/fnhum.2016.00324
https://doi.org/10.1016/j.bandl.2011.10.005
https://doi.org/10.1016/j.bandl.2011.10.005
https://doi.org/10.1152/jn.01031.2014
https://doi.org/10.1093/brain/aws067
https://doi.org/10.1523/JNEUROSCI.2546-13.2013
https://doi.org/10.1523/JNEUROSCI.2546-13.2013
https://doi.org/10.1016/j.neubiorev.2019.10.006
https://doi.org/10.1016/j.tics.2017.06.003
https://doi.org/10.1016/j.cub.2010.09.044
https://doi.org/10.1523/JNEUROSCI.2896-18.2019
https://doi.org/10.1073/pnas.1815376116
https://doi.org/10.1167/14.13.4
https://doi.org/10.1167/14.13.4
https://doi.org/10.1136/bmjopen-2018-024913
https://doi.org/10.1136/bmjopen-2018-024913
https://doi.org/10.1016/j.neuron.2010.09.021

86 (& H.BRIDGE ET AL.

34.

35.

36.

37.

38.

39.

individuals. Cereb Cortex. 2012;22(11):2455-2465.
doi:10.1093/cercor/bhr311.

Park HJ, Lee JD, Kim EY, et al. Morphological altera-
tions in the congenital blind based on the analysis of
cortical thickness and surface area. Neuroimage.
2009;47(1):98-106. doi:10.1016/j.neuroimage.2009.0
3.076.

Jiang J, Zhu W, Shi F, et al. Thick visual cortex in the
early blind. J Neurosci. 2009;29(7):2205-2211. doi:10.
1523/JNEUROSCI.5451-08.2009.

Anurova I, Renier LA, De Volder AG, Carlson S,
Rauschecker JP. Relationship between cortical thick-
ness and functional activation in the early blind.
Cereb Cortex. 2015;25(8):2035-2048. doi:10.1093/
cercor/bhu009.

Bridge H, Cowey A, Ragge N, Watkins K. Imaging
studies in congenital anophthalmia reveal preservation
of brain architecture in ‘visual’ cortex. Brain. 2009;132
(Pt 12):3467-3480. doi:10.1093/brain/awp279.

Li Q, Song M, Xu J, Qin W, Yu C, Jiang T. Cortical
thickness development of human primary visual cortex
related to the age of blindness onset. Brain Imaging
Behav. 2017;11(4):1029-1036. doi:10.1007/s11682-016-
9576-8.

Natu VS, Gomez J, Barnett M, et al. Apparent thinning
of human visual cortex during childhood is associated
with myelination. Proc Natl Acad Sci U S A. 2019;116
(41):20750-20759. doi:10.1073/pnas.1904931116.

40.

41.

42.

43.

44.

45.

Dietrich S, Hertrich I, Kumar V, Ackermann H.
Experience-related structural changes of degenerated
occipital white matter in late-blind humans -
a diffusion tensor imaging study. PLoS One. 2015;10
(4):e0122863. doi:10.1371/journal.pone.0122863.
Reislev NL, Dyrby TB, Siebner HR, Kupers R, Ptito M.
Simultaneous assessment of white matter changes in
microstructure and connectedness in the blind brain.
Neural Plast. 2016;2016:6029241. doi:10.1155/2016/
6029241.

Reislev NL, Kupers R, Siebner HR, Ptito M, Dyrby TB.
Blindness alters the microstructure of the ventral but not
the dorsal visual stream. Brain Struct Funct. 2015;221
(6):2891-2903. doi:10.1007/s00429-015-1078-8.
Shimony ]S, Burton H, Epstein AA, McLaren DG,
Sun SW, Snyder AZ. Diffusion tensor imaging reveals
white matter reorganization in early blind humans.
Cereb Cortex. 2006;16(11):1653-1661. doi:10.1093/cer-
cor/bhj102.

Wang D, Qin W, Liu Y, Zhang Y, Jiang T, Yu C. Altered
white matter integrity in the congenital and late blind
people. Neural Plast. 2013;2013:128236. doi:10.1155/
2013/128236.

Cecchetti L, Ricciardi E, Handjaras G, Kupers R,
Ptito M, Pietrini P. Congenital blindness affects dience-
phalic but not mesencephalic structures in the human
brain. Brain Struct Funct. 2016;221(3):1465-1480.
doi:10.1007/500429-014-0984-5.


https://doi.org/10.1093/cercor/bhr311
https://doi.org/10.1016/j.neuroimage.2009.03.076
https://doi.org/10.1016/j.neuroimage.2009.03.076
https://doi.org/10.1523/JNEUROSCI.5451-08.2009
https://doi.org/10.1523/JNEUROSCI.5451-08.2009
https://doi.org/10.1093/cercor/bhu009
https://doi.org/10.1093/cercor/bhu009
https://doi.org/10.1093/brain/awp279
https://doi.org/10.1007/s11682-016-9576-8
https://doi.org/10.1007/s11682-016-9576-8
https://doi.org/10.1073/pnas.1904931116
https://doi.org/10.1371/journal.pone.0122863
https://doi.org/10.1155/2016/6029241
https://doi.org/10.1155/2016/6029241
https://doi.org/10.1007/s00429-015-1078-8
https://doi.org/10.1093/cercor/bhj102
https://doi.org/10.1093/cercor/bhj102
https://doi.org/10.1155/2013/128236
https://doi.org/10.1155/2013/128236
https://doi.org/10.1007/s00429-014-0984-5

	Abstract
	Introduction
	Materials and methods
	Participants
	MR imaging acquisition
	Oxford
	Manchester

	Data analysis
	Optic nerve analysis
	Cortical thickness


	Results
	The absence of the eyes impacts upon the optic nerve
	Grey matter volume reduction present in acquired anophthalmia
	Increased V1 cortical thickness in congenital, but not acquired anophthalmia
	White matter microstructure altered in both congenital and acquired anophthalmia

	Discussion
	The anterior visual system is significantly altered in both types of anophthalmia
	Grey matter changes differ in acquired and congenital anophthalmia
	Consistent white matter changes in optic radiation in both congenital and acquired anophthalmia

	Conclusion
	Acknowledgments
	Funding
	Declaration of interest statement
	References

