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Abstract

Albinism is a group of congenital disorders of the melanin synthesis pathway.
Multiple ocular, white matter and cortical abnormalities occur in albinism, including a
greater decussation of nerve fibres at the optic chiasm, foveal hypoplasia and
nystagmus. Despite this, visual perception is largely preserved. We proposed that
this may be attributable to reorganisation among cerebral networks, including an

increased interhemispheric connectivity of the primary visual areas.

We applied a graph-theoretic model to explore brain connectivity networks derived
from resting-state functional and diffusion-tensor magnetic resonance imaging data
in 23 people with albinism and 20 controls. We tested for group differences in
connectivity between primary visual areas and in summary network organisation
descriptors. We supplemented our main findings with analyses of control regions,

brain volumes and white matter microstructure.

We found significant functional interhemispheric hyperconnectivity of the primary
visual areas in the albinism group (p=0.012). Tests of interhemispheric connectivity
based on the diffusion-tensor data showed no significant group difference (p=0.713).
Second, we found that a range of functional whole-brain network metrics were
abnormal in people with albinism, including the clustering coefficient (p=0.005),
although this may have been driven partly by overall differences in connectivity,

rather than reorganisation.

Based on our results, we suggest that changes occur in albinism at the whole-brain
level, and not just within the visual processing pathways. We propose that our
findings may reflect compensatory adaptations to increased chiasmic decussation,

foveal hypoplasia and nystagmus.
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Introduction

Albinism is a group of congenital disorders characterised by impairment of the
melanin synthesis pathway. The condition is associated with a variety of ocular
abnormalities including iris transillumination (Sheth et al. 2013), high refractive errors
(Wang et al. 2010a), foveal maldevelopment (Mohammad et al. 2011) and optic
nerve head abnormalities (Mohammad et al. 2015). In addition to ocular changes,
the retro-ocular visual pathway is also affected: MRI studies have shown smaller
optic nerves, tracts and chiasm in people with albinism (Schmitz et al. 2003). A
particular hallmark of the disease is an increased decussation of fibres at the optic
chiasm (Hoffmann et al. 2005, Von Dem Hagen et al. 2007). Alongside these white
matter abnormalities, alterations in cortical architecture have also been reported.
These include a shortened calcarine sulcus, reduced grey matter volume at the
occipital pole, an increased cortical thickness and reduced occipital lobe gyrification,

which all point to structural plasticity at the cortical level (Bridge et al. 2014).

Previous functional imaging and visual evoked potential studies (VEP) have
demonstrated altered cortical activity in the primary visual (V1) region in relation to
the anterior visual structural changes in albinism, showing visual cortex activation
predominantly contralateral to the stimulated eye in patients (Morland et al. 2002,
Hoffmann et al. 2003, Schmitz et al. 2004, von dem Hagen et al. 2008, Wolynski et
al. 2010, Bridge et al. 2014). Given the range of abnormalities in albinism, however,
visual perception remains relatively intact. One explanation for this may be that
correction for the abnormal cortical representation occurs at later processing stages:
Kaule et al. (2014) found that more specialised downstream visual areas also

exhibited an atypical contralateral representation, and drew the conclusion that
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cortico-cortical connections therefore follow a normal configuration. However,
alterations in whole-brain structural and functional connectivity beyond the visual

processing pathways have not been examined.

One way of studying brain connectivity involves the application of network science to
brain imaging data (Bullmore and Sporns 2009, Park and Friston 2013). Network
science is founded in graph theory, which is a system for mathematically describing
the interrelationships between groups of objects. Under the graph-theoretic model,
brain regions are represented by nodes in a graph and the connections between
them are represented by edges, which may be based on any measure of
connectivity; for example, functional MRI- (fMRI), EEG- or
magnetoencephalography-derived functional connectivity or diffusion tensor imaging
(DTI) tractography streamline counts. Given a graph of the brain, summary metrics
can be calculated to describe its organisational structure and to allow statistical

comparisons to be made (Rubinov and Sporns 2010b).

We propose that one possible mechanism by which visual perception remains
relatively intact may be an increased interhemispheric connectivity of visual areas in
compensation for the increased crossing of fibres at the chiasm. The rationale for
this claim is that, if the proportion of decussating fibres at the chiasm is abnormally
great, yet visual perception is mostly preserved, then the signals from the right visual
field may cross back to the right visual processing areas (and vice-versa) at some
point “downstream”; the most direct route being between the primary visual cortices
via the splenium of the corpus callosum. Alternatively, it may be the case that cortical
reorganisation occurs more locally within each hemisphere in such a way that copes

with an abnormally great representation of the contralateral visual field.
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In this study we examine whether structural and functional cerebral reorganisations
in people with albinism are detectable as differences in brain connectivity and
network organisation metrics when compared to controls. In particular, we test two
hypotheses: (1) that albinism will be associated with increased interhemispheric
connectivity of the V1 region compared to controls, and (2) that the organisational
properties of the functional and structural whole-brain networks may be different in

people with albinism compared to controls.

Materials and Methods

Participants

Twenty-three people with albinism (6 females; mean age 34+13.6, range 18-64)
were recruited through the neuro-ophthalmology outpatient clinic at the Leicester
Royal Infirmary. Twenty age-, gender- and ethnicity-matched volunteers were
recruited for the control group (6 females; mean age 31.9£10.6, range 21-54) from
within the students and faculty at the University of Leicester as well as healthy
spouses of albinism patients. Controls were included in the study if they had no
history of eye disease and had a best-corrected visual acuity (VA) of better than 0.0
logMAR in each eye. The study was approved by the local research and ethics board
and prior to participating in the study, informed consent was sought from all

volunteers.

Data Acquisition

Each volunteer underwent a detailed clinical examination which included
assessment of best-corrected VA, visual fields, pupil reactions, ocular movements,

slit lamp examination and dilated fundus examination. VEP testing was carried out in
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accordance with the international society for clinical electrophysiology of vision
standards (Odom et al. 2010) and the degree of asymmetry was quantified by means
of an intra-hemispheric asymmetry index described by Apkarian et al. (1983). An
EyeLink Il pupil tracker (SR Research, Osgoode, Canada) was used to record
horizontal and vertical eye movements in all patients. During the recordings, the
patients were asked to fixate on a target which shifted from 30° to the left to 30° to
the right in 3° steps every 7 seconds. Spike2 software (Cambridge Electronic
Design, Cambridge, UK) scripts were used to calibrate the recording offline and to
calculate the amplitude, frequency and intensity (amplitude x frequency) of
nystagmus at each 3° interval and then averaged across all gaze positions for final

analysis.

Subjects underwent an MRI scan at 3T (Philips Achieva, Eindhoven, NL), including
T1-weighted (axial MPRAGE, TR=7.53 ms, TE=2.22 ms, flip angle=8°, matrix size
320 x 320, field of view=256 x 256, 0.8mm isotropic voxels, SENSE factor=1.7, 184
contiguous slices), resting-state fMRI with eyes closed (axial echo-planar imaging
acquisition, TE=36ms, TR=2100ms, matrix size 80 x 80, 35 contiguous slices, 140
volumes, 3mm isotropic voxels, 4.9 minutes scan time) and DTI (axial diffusion-
weighted echo-planar imaging, six b=0 volumes averaged during acquisition and 61
directional diffusion weighted images with b=1000 s/mm?, TE=67ms, TR=8270ms,
sense factor 3, matrix size 240 x 240, 52 contiguous slices, 1.8 x 1.8 x 1.8 mm

voxels interpolated to 0.9 x 0.9 x 1.8mm) acquisitions.
Image Processing

FreeSurfer (version 5.3.0; http://surfer.nmr.mgh.harvard.edu/) was used to perform

anatomical surface-based parcellation of the high-resolution MPRAGE images
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(Fischl 2012). First, non-brain tissue was removed, and then a transformation to
Talairach space was applied. Images were then parcellated into 164 cortical and
subcortical regions-of-interest (ROIs; listed in Table S-llI) based on the Destrieux
atlas of gyral and sulcal structures (Destrieux et al. 2010). FreeSurfer was also used
to reconstruct the cortical surface and to estimate the thickness and volume of each

ROLI.

FMRI data underwent the following processing steps using fMRIB’s Software Library

(FSL; version 5.0.7; http://www.ndcn.ox.ac.uk/divisions/fmrib/; Jenkinson et al.

(2012)). First, the first 2 volumes of each dataset were removed to allow for steady-
state imaging to be reached. Head motion was corrected for by affine registration to
the middle volume using MCFLIRT and any datasets having excessive motion
artefacts were removed (cumulative rotation or translation >3° or >4 mm over the
4.9-minute scan). Non-brain structures were removed using the FSL brain extraction
tool (BET). Spatial smoothing was not used, to avoid introducing local correlations
between adjacent ROIls. Since the FreeSurfer-generated ROIs were in Talairach
space, the FreeSurfer brain images were registered to the fMRI datasets using FSL
FLIRT and the resulting transformation matrix applied to the ROIls in order for them
to be mapped onto fMRI space. After extracting the mean BOLD timeseries across
all voxels in each ROI, low-frequency drift was corrected for by removing the linear
trend from the data. Then, the following nuisance signals were regressed: six motion
parameters (three translation and three rotation), the mean signal from the ventricles
and the mean signal from the white matter. This number of nuisance regressors was
shown to be an optimal balance between denoising and signal loss for datasets of a
similar number of timepoints (Bright and Murphy 2015). Finally, the degree of

functional connectivity between each pair of ROIs was quantified by a Pearson
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correlation coefficient. These coefficients were used to construct a symmetric matrix
of size 164 x 164, with each element representing the degree of functional

connectivity between two ROIs.

DTl data were processed using fMRIB’s Diffusion Toolbox (FDT) in FSL. First,
artefacts induced by head motion and eddy currents were corrected by registering all
image volumes to the average b=0 image with an affine transformation. Non-brain
structures were removed with BET, and then diffusion parameters were estimated
using BEDPOSTX (Bayesian Estimation of Diffusion Parameters Obtained using
Sampling Techniques; (Behrens et al. 2007)). ROIs were moved to DTI space by
registering the FreeSurfer brain image to the average b=0 image with an affine
transformation in FLIRT and applying the transformation matrix to the ROIs.
Probabilistic fibre tracking was performed using the streamline tractography
algorithm, PROBTRACKX2. The algorithm propagates streamlines from each voxel
in a given seed mask along the path with the largest principal axis of each voxel’s
diffusion tensor until some termination criteria are met (in this case, when the
streamline reached the voxels in a termination mask). By applying this process to
every pair of ROIs, a matrix of size 164 x 164, was constructed where each element
represents the number of streamlines between a pair of ROIs. Because the number
of streamlines between the seed and terminal ROI could vary depending on
direction, it was measured twice between each ROI pair; once in each direction (i.e.
the connectivity matrices were asymmetric). These streamline counts were then
combined and scaled by the size of the two ROIs (as in Cheng et al. (2012), Owen et
al. (2013), Buchanan et al. (2014)) using the following formula, to obtain a measure

of streamline density:
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_ Sij + Sji

a;; =
Y ml+m]

where q;; is the corrected summary streamline count, s;; and s;; are streamline
counts in each direction between ROIs i and j, and m; and m; are voxel counts in

each ROL.
Primary Visual Cortex Connectivity

Shapiro-Wilk tests and visual inspection of quantile-quantile plots determined
whether or not each variable followed a normal distribution and t-tests or Mann-

Whitney U tests were used as appropriate.

We first wanted to test how strongly-connected the V1 regions of each hemisphere
were to each other in each group. To achieve this, the functional connectivity and
streamline density measurements between the calcarine sulcus FreeSurfer ROI
(FreeSurfer IDs 11145 and 12145), in which the V1 region is located (Wandell 1995,

Wandell et al. 2007), in each hemisphere were tabulated and tested for equality.

To assess whether any identified group difference in V1-V1 connectivity was due to
an overall higher connectivity of the V1 to all regions, we then compared the V1

connectivity to every other contralateral ROl between groups.

Since streamline density may be problematic as a measure of connectivity strength
(Jones et al. 2013), we performed additional tests of fractional anisotropy (FA; a
general measure of microstructural integrity) and mean diffusivity (MD; a measure of
membrane density) in a 12-voxel ROI in the splenial corpus callosum of each subject
and compared the mean scores between groups. These ROIs were defined by

identifying the two central sagittal slices and placing a 3 x 2 ROI in each, in the
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centre of the splenium. We also tested for group differences in whole-brain FA, as a

global effect may have confounded our connectivity findings in individual regions.

As a further control, we tested the interhemispheric connectivity of a region
comprising the frontomarginal gyrus and the frontal pole (connected by the genu of
the corpus callosum), and of the medial temporal cortex (connected by the splenium
of the corpus callosum). The frontal region was defined by the frontal pole and
frontomarginal gyrus FreeSurfer labels and was chosen for its similar size and
proximity to the corpus callosum as the V1 area. The medial temporal cortex region
was defined as the parahippocampal gyrus FreeSurfer label. These analyses were

performed for both functional and streamline density data.

To test whether any difference in V1 connectivity was due to between-subject
differences in cortical thickness we used the cortical thickness measurements from
the calcarine sulcus FreeSurfer ROI to perform two correlation tests, between either
the functional connectivity or streamline density between left and right primary visual
cortices and the average cortical thickness between both hemispheres of the

calcarine sulcus region.

Finally, we also tested the interhemispheric connectivity of the anterior and posterior
regions of V1 separately. We suspected that stronger between-group differences
might be found in the posterior V1, which represents the central visual field, in which
the abnormal visual representation is most dominant, as opposed to the anterior V1,
representing the peripheral visual field. The ideal way to split the V1 ROI into anterior
and posterior portions would have been to measure each voxel's BOLD modulation
to stimulation at varying locations in the visual field in a per-subject fashion (Wandell

et al. 2007), but as we did not have this data available we opted to simply split the
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region halfway along the anterior/posterior axis. Based on previous neuroanatomic
research (Yu et al. 2014, Li et al. 2015), we believe this approach would capture the
majority of an effect. We then applied the same method as we had previously to
measure the functional connectivity and streamline density between left and right

anterior V1 ROIs, and left and right posterior V1 ROIs.

Whole-Brain Network Properties

To explore group differences in whole brain structural and functional networks, we
constructed the functional connectivity and streamline density matrices as graphs,
allowing calculation of summary network metrics (Figure 1). The two types of
association matrix contained all the information necessary to describe weighted
graphs, where each ROI is modelled by a node and each connectivity value is
modelled by a weighted edge. To the functional connectivity matrices, we applied
Fisher’s Z transformation, and to the SD matrices we re-scaled the weights such that
they were between 0 and 1. In order for spurious connections to be removed and the
strong ones retained, a minimum density threshold was applied to each graph (a
graph’s density is the ratio of the existing edges to possible edges). Further, to avoid
performing multiple comparisons and having to select a single arbitrary threshold, a
range of density thresholds were applied, rather than a single threshold, and the
integral over this range taken as a summary metric score, as in Hosseini et al.
(2012). We thresholded the graphs over a density range of 0.1 — 0.4, in steps of
0.02. This range represents a compromise between being too dense to show small-
world properties and being so sparse that fragmentation begins to occur (Bassett
and Bullmore 2006, Fornito et al. 2010). The density threshold was implemented by
checking the graph density and incrementing a connection strength threshold

repeatedly, until the target density is reached. The following whole-brain summary



Welton 12

graph metrics were calculated from the weighted graphs in MATLAB using the Brain
Connectivity Toolbox (BCT; for detailed descriptions of each, see Rubinov and

Sporns (2010a)):

(1) Clustering coefficient of a single node is the proportion of its neighbours
(connected nodes) that are connected to each other. It is given by:

2N
ki(k; — 1)

Ci
where k; is the degree of node i (the number of edges connected to it) and N
is the number of connections existing between neighbouring nodes. The
global clustering coefficient is the average of clustering coefficients across all
nodes in the network.

(2) Characteristic path length. Given two nodes, i and j, the shortest path
between them is the path with the greatest weight. The characteristic path
length L is the average of all shortest paths across a whole network. In this
instance, distances were calculated using the inverse of the association
matrix to account for the fact that higher correlations or streamline densities
should indicate shorter paths, not longer paths.

(3) Small-worldness. Introduced by Watts and Strogatz (1998), small-worldness
is the property of being highly clustered and being able to reach any node in a

small number of steps from any other. We quantified small-worldness with the

equation:

C
(Crandom)

w =
L
(Lrandom)
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Where Crandom and Lyqnaom are the mean clustering coefficient and
characteristic path length of 20 randomly-generated networks of the same
number of nodes and edges as our network.

(4) Assortativity refers to a node’s tendency to connect with nodes of a similar
degree. It is given by the Pearson correlation coefficient of the degree of each
pair of connected nodes (Newman 2002).

(5) Modularity. Newman’s spectral optimisation method (Newman 2006) was
used to divide the graph into subsets of nodes that connect more within
themselves than they do to the rest of the graph (called modules). The
strength of this division was then used as a summary measure of modularity,
defined as the fraction of edges in the selected modules minus the fraction of

edges in the modules if the edges in the network were assigned randomly.

These metrics were selected based on their reproducibility and frequency of

appearance in the literature (Welton et al. 2014).

All graph metric results were then compared to a value which was the average of
that metric across 1000 randomly-generated networks which preserved degree
sequence. The final summary scores for each subject were the ratio of their metric
values to the values from the 1000 random networks. This was performed using
custom scripts and the BCT in MATLAB. For presentation in the figures only, these
scores were standardised by subtracting the mean of the group and then dividing by

the standard deviation of the group.

We repeated the graph analysis in two subsets of nodes: one restricted to 44 nodes

known to have some relevance to visual processing and one in 120 nodes excluding
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those visual regions (Table S-lll). This would indicate whether the whole-brain

network changes were driven by alterations to visual or non-visual areas of the brain.

Again, we used Shapiro-Wilk tests and quantile-quantile plots to determine whether
or not the graph metrics followed normal distributions for either group. Between-
group differences in the summary metrics were calculated with the appropriate

statistical test.

Relation to Clinical Measures

Within the albinism group, Pearson correlations of average VA, VEP asymmetry, age
and sex to average functional connectivity and streamline density between primary
visual areas, as well as the graph metrics were calculated. VA and VEP
measurements were not available in the control group. Finally, we tested the effect of
nystagmus amplitude, frequency and intensity on the interhemispheric connectivity

and graph metrics with tests for correlation.

We applied the Benjamini-Hochberg procedure (Benjamini and Hochberg 1995) to

correct for the false discovery rate (FDR).

Results

Sample Characteristics

The difference in ages between groups was not statistically significant (t = 0.85, p =
0.41). In the albinism group, the median VEP asymmetry index was 1.48 (IQR 1.29-
1.64) and the median LogMAR VA was 0.50 (IQR 0.27-0.60). These scores indicate
that, while the albinism group did demonstrate a degree of asymmetry seen
previously (Apkarian and Shallo-Hoffmann 1991), their visual acuity was mostly

classed as either not impaired or only mildly impaired. Good quality MPRAGE and
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DTI scans were acquired from all volunteers but one fMRI dataset had to be
excluded from the albinism group due to motion artefacts, thus reducing the sample

size for fMRI analysis to 42.

Total brain volume may have been a possible confounding factor in our
measurements of functional connectivity and streamline density. However, brain
volumes (including cerebral white and grey matter, and not including the ventricles,
other CSF, cerebellum or the brain stem) were not significantly different between
groups (t = 0.548, p = 0.587), nor were volumes of the calcarine sulcus grey matter

in either hemisphere (left: t =-0.124, p = 0.902; right: t = -0.523, p = 0.604).

Head motion is another known confound of connectivity analyses. The mean relative
displacements of the albinism and control groups were 0.15 (¥0.07) mm and 0.11
(x0.04) mm respectively. A t-test of the values showed no significant between-group
difference (t = -1.716, p = 0.093). Thus the likelihood of any groupwise differences in

connectivity-based metrics being related to subject motion in the scanner is low.

Primary Visual Cortex Connectivity

Figure 2 and Table | show the results of the calcarine sulcus connectivity analysis.
Mann-Whitney U tests showed that the albinism group had a significantly greater
interhemispheric functional connectivity of the primary visual cortex region compared
to controls (median albinism correlation coefficient = 0.74, median control correlation
coefficient = 0.61, U = 164, p = 0.012). These values are consistent with those
reported in the literature (Butt et al. 2013, Donner et al. 2013, Raemaekers et al.
2014). For streamline density, there was no significant difference (albinism median =
10.64, control median = 8.78, U = 174, p = 0.713). In the tests of connectivity in the

anterior and posterior subregions of the V1 (Table I), we found, as expected,
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significant group differences in functional connectivity which were slightly greater in
the posterior region (U = 160, p = 0.010) compared to the anterior region (U = 178, p
= 0.030), but no significant group differences in the structural data (U = 152, p =

0.322; U = 146, p = 0.246).

To test whether this was reflecting an overall higher global connectivity of the
calcarine sulcus region in albinism, or whether it was specifically more strongly
connected only to the contralateral calcarine sulcus, we compared, using t-tests, the
connectivity values of the calcarine sulci to all other regions between groups. To do
this, we measured the mean connectivity across the whole of each group (for both
functional connectivity and streamline density) between the calcarine sulcus and
every other region in the atlas. We found that the calcarine sulcus did not tend to be
more strongly connected functionally in either group (t = 1.569, p = 0.117). For the
streamline density data, there was also no significant difference (t = -1.322, p =
0.186). Thus, the between-group differences in interhemispheric connectivity of the
calcarine sulcus were likely not caused by a greater average connectivity of the

calcarine sulcus in albinism patients.

T-tests of FA and MD in the splenial corpus callosum showed no significant
between-group differences (FA: albinism mean = 0.652, control mean = 0.657, t =
0.109, p = 0.913; MD: albinism mean = 0.001, control mean = 0.001, t = 0.732, p =
0.468). There were also no significant effects for global FA or MD (FA: albinism
mean = 0.257, control mean = 0.255, t = -0.389, p = 0.699; MD: albinism mean =
0.001, control mean = 0.001, t = 0.203, p = 0.840). These results suggest that there

are little or no microstructural abnormalities in the V1-V1 pathway in albinism.
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In our tests of interhemispheric connectivity in the control regions, we found that
there were no significant differences between groups for the functional data (frontal: t
= -1.334, p = 0.190; medial temporal: t = -1.472, p = 0.149) or the structural data
(frontal: t = -0.474, p = 0.638; medial temporal: t = -0.857, p = 0.397). These results
suggest that our finding of increased interhemispheric connectivity of V1 in people

with albinism is not an artefact of a whole-brain effect.

(Fig. 2 here.)

(Table I here.)

In the correlations of functional connectivity and streamline density with cortical
thickness, there was no significant correlation for functional connectivity (r = -0.073,
p = 0.648) or for streamline density (r = 0.135, p = 0.413). This indicates that cortical

thickness was unlikely to have been a confounding factor.

Whole-Brain Network Properties

Tables Il and Ill, and Figure 3 show the results of the tests for between-group
differences in graph metric integrals. In the whole-brain networks derived from fMRI
data, the clustering coefficient and small-worldness metric integrals were significantly
higher in the albinism group. The characteristic path length and modularity metric
integrals did not reach significance when accounting for multiple comparisons. The
assortativity metric did not show any association to group membership. In the whole-
brain networks derived from DTI data, none of the metrics showed significant

differences between the two groups (Table III).

To test whether the differences in whole-brain metrics in the albinism group were

mostly driven by the differences in connectivity of the primary visual area, we tested
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for correlation between each subject’s interhemispheric calcarine sulcus connectivity
and their whole-brain metric scores and found that the effect was significant for only
the clustering coefficient and small-worldness metrics in the functional connectivity
dataset (Tables S-I & S-ll). These results indicate that one contributing factor to
alterations in subjects’ graph metric scores was likely to be the increased

interhemispheric connectivity of the V1 region.

The results of the analysis of visual-only and non-visual-only networks are given in
Tables S-IV — S-VII. We find that the only significant differences between the groups
were in the non-visual networks based on fMRI data. Specifically, the clustering
coefficient (t = -3.530, p = 0.001), characteristic path length (t = -2.876, p = 0.006)
and small-worldness (t = -3.762, p = 0.001) metrics showed significant differences
between groups. The assortativity (t = -0.856, p = 0.397) and modularity (t = -1.701,
p = 0.097) metrics were not significantly different, nor were any of the metrics from

the non-visual DTI networks or visual-only networks.

Because our results pointed to a global change in brain connectivity, we calculated
the total sum of the connectivity matrix for both functional connectivity and streamline
density data. We found that the sum of the functional matrices was greater on
average for people with albinism, but not significantly so (t = -1.695, p = 0.097). For
streamline density matrices, the control group had significantly greater matrix sums (t
= 2.229, p = 0.033). This suggests that the overall level of conenctivity in general

may have also been a factor in our main graph results.

Within the albinism group, neither VA, VEP, age nor sex correlated with any of the
graph metrics for either functional or structural networks. We found that nystagmus

intensity did not significantly correlate with either interhemispheric functional
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connectivity (r = 0.128, p = 0.591), streamline density (r = 0.141, p = 0.589), or any

of the graph metrics.

(Table Il here.)

(Table Il here.)

(Fig. 3 here.)

Discussion

This study investigated the functional and structural architecture of brain networks
and connectivity of the visual cortex in people with albinism relative to healthy
controls. The results of our analysis of brain connectivity based on functional and
diffusion-tensor MRI support our hypothesis that greater interhemispheric
connectivity of the primary visual cortex may exist in albinism compared to controls.
We also explored functional and structural brain network organisation and found that
functional networks were significantly altered in albinism and structural networks
were not. However, our results should be interpreted with care for several reasons
discussed here. Ours is the first study, to our knowledge, that has examined the
brains of people with albinism using the graph-theoretic model. Therefore, our
findings could provide novel insights into how normal visual perception is largely
preserved despite extensive abnormal development of the visual system, and into

brain plasticity in general.

Hyperconnectivity of the Primary Visual Cortex

Firstly, we found that the two primary visual cortices were functionally
hyperconnected in the albinism group. The between-group difference in functional

connectivity suggests greater-than-normal connection strength between primary
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visual cortices in opposite hemispheres. This finding may reflect a compensatory
adaptation in response to abnormal visual input. Recent studies show the brain’s
capacity for extensive plasticity in both acute injury; for example, spinal cord injury
(Ding et al. 2005), stroke (Liepert et al. 2000) and traumatic brain injury (TBI)
(Sidaros et al. 2008); and in developmental or congenital disorders affecting the
CNS, like deafness (Kral and Sharma 2012). In albinism, the brain must adapt to a
number of abnormalities including reduced foveal input caused by foveal hypoplasia,
constant retinal motion associated with nystagmus and miswired cortical inputs due

to chiasmal misrouting.

Studies have shown increased V1 cortical thickness in albinism compared to controls
(Bridge et al. 2014), in blindness (Jiang et al. 2009) and in anophthalmia (Bridge et
al. 2009). One study showed that cortical thickness was negatively correlated with
functional activation of the occipital lobe in the early blind during sound localisation
and pitch identification tasks (Anurova et al. 2014). It is therefore plausible that
cortical thickness had an effect on our connectivity measurements. However, our
correlation analysis showed that the variance in functional connectivity or streamline
density was not explained by differences in cortical thickness. This suggests that any
between-group differences in functional connectivity or streamline density were more
likely due to true differences in strength of connectivity, rather than differences in
cortical thickness of the calcarine sulcus region or overall brain size, but this may

also be an effect of our having corrected streamline count for ROI size.

We found no significant group difference in calcarine sulcus volume. One possible
explanation for this is that, because the abnormality in albinism at the fovea,
corresponding to the central visual field, relates most to changes in the posterior

calcarine sulcus, and because our ROI covered a larger area, that any significant
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effect was lost. This is supported by a previous study which found reduced volume
posteriorly in the calcarine sulcus i.e. at the occipital pole (von dem Hagen et al.
2005). That the V1 region would have an increased thickness in albinism but also a
decreased or unchanged volume may be explained by a reduced cortical gyrification

and length (Bridge et al. 2014).

There are several possible reasons why there was no group difference in the
streamline density outcomes. First, there are issues in the interpretation of
tractography streamline counts: even where the true number of axonal projections
within a bundle is uniform, the length, curvature and branching may affect the
number of reconstructed streamlines (Jones et al. 2013). Hence, our streamline data
should not be interpreted in terms of real fibres; our use of the term ‘streamline
density’ rather than ‘fibre count’ was deliberate in order to reflect this. It is also
plausible that, while the brain is forced to adapt to abnormal visual development, the
degree of adaptation is not enough that it confers measurable structural changes, or

even any structural changes at all.

Differences in Brain Network Organisation

The graph-theoretic model of brain connectivity has shown in recent years that the
organisational properties of macroscopic whole-brain networks are related to certain
disease states. For example, in a study of 203 people with schizophrenia and 259
controls, it was found that brain network organisation in the schizophrenia group was
abnormal by comparison, with significantly reduced hierarchy scores, increased
connection distances and the loss of hubs in the frontal cortex (Bassett et al. 2008).
There have also been positive results in other diseases including multiple sclerosis

(Rocca et al. 2014), Alzheimer's disease (He et al. 2008), attention deficit
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hyperactivity disorder (ADHD) (Wang et al. 2009), autism (Rudie et al. 2013) and
depression (Leistedt et al. 2009). For reviews, see Bassett and Bullmore (2009),

Guye et al. (2010), Wang et al. (2010b), and Menon (2011).

Our analysis of brain network properties also demonstrated functional changes
associated with albinism. Two of the functional connectivity-based metrics were
significantly different (clustering coefficient and small-worldness), and two more
(characteristic path length and modularity) showed strong but non-significant
differences after multiple comparison correction, while none of the metrics based on
streamline density measurements were significantly different between groups. Our
control analyses indicated that overall differences in connectivity may have been a
determining factor in these results, so they should be interpreted carefully. The
small-world attribute is thought to be characterised by an optimal balance of both
local and global integration, leading to efficient information transfer. Despite deficits
in other network metrics, small-worldness is often conserved or increased, for
example in Alzheimer’s disease (He et al. 2008), epilepsy (Liao et al. 2010), ADHD
(Wang et al. 2009), autism (Barttfeld et al. 2011), schizophrenia (Lynall et al. 2010),
TBI (Nakamura et al. 2009, Kou and Iraji 2014) and sleep deprivation (Liu et al.
2014). Liu et al. (2014) suggested that elevated small-worldness may represent “a
possible compensatory adaptation of the human brain.” The clustering coefficient
describes the connectedness of a node’s neighbours to give a measure of local
integration. A higher clustering coefficient compared to controls has been reported in
studies of cognitive dysfunction in low-grade glioma patients (Bosma et al. 2009),
epilepsy (Soltesz and Staley 2011), Alzheimer disease (He et al. 2008, Mccarthy et
al. 2014), TBI (Castellanos et al. 2011), small-vessel disease (Kim et al. 2015),

obsessive compulsive disorder (Zhong et al. 2014) and chronic disorders of
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consciousness in patients recovered from coma (Crone et al. 2014). While these
studies do show that brain network properties are often altered in disease, authors
can only speculate as to the specific meaning of those alterations. Similarly, the
implications of these changes for albinism are unknown; only that they suggest
widespread reorganisation and may give a clue as to the pattern of connectivity

differences that are present.

Our graph analyses of regions involved in visual processing and regions not involved
suggests that, although V1-V1 connectivity was increased in albinism, this was not
sufficient to confer significant changes to the overall organisation of the visual
networks. On the other hand, we found that the graphs formed from only non-visual
regions were significantly different between groups. One study of brain networks and
V1 connectivity in the congenitally blind had similar findings and proposed the
following explanation: “while the internal structural organization of the visual cortex
was strikingly similar, the blind exhibited profound differences in functional
connectivity to other (non-visual) brain regions as compared to the sighted” (Striem-

Amit et al. 2015).

Previous functional imaging studies of albinism have maintained focus on the visual
cortical areas (Morland et al. 2002, Hoffmann et al. 2003, Schmitz et al. 2004, von
dem Hagen et al. 2008, Wolynski et al. 2010, Bridge et al. 2014). Hoffmann and
Dumoulin  (2015) reviewed cortical plasticity in congenital visual pathway
abnormalities, and concluded that “the organisation of subcortical and higher cortical
projection targets in the visual pathway ... will be rewarding targets for research”.
Ours is the first study which suggests that albinism is associated with not only
changes to visual brain areas, as traditionally thought, but also with wider changes to

other brain areas.
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Study Limitations

Our study had multiple limitations. Firstly, while the reliability of graph-based
summary metrics has recently been shown to be excellent under the right
circumstances, their correct interpretation in biological and clinical contexts is still
largely unknown (Rubinov and Sporns 2010a, Welton et al. 2014). This has meant
that studies of summary graph metrics in the brain have difficulty forming strong
hypotheses, have issues with multiple comparisons, and are necessarily exploratory
in nature. Future work to alleviate this will develop theories about what the various
metrics mean in terms of neurobiology, rather than in terms of graphs in the abstract

sense.

Second, since nystagmus was present in all of the participants with albinism, it is
feasible that some of the observed between-group differences were an artefact of
involuntary eye movement rather than differences in functional connectivity. Our
correlation analyses of nystagmus amplitude, intensity and frequency showed that
this effect was probably small in our sample. The effect was likely to have been

lessened by the fact that the fMRI scans were performed with eyes closed.

We were unable to control for subjects’ level of education, which may have impacted
our results, given that some of the controls were university faculty. No physiological
data were gathered during the fMRI scan and, hence, while we did regress white
matter and CSF signals (Hallquist et al. 2013), we could not fully account for this
factor in our analysis and our data may have been affected by this source of noise.
Finally, it has been shown that the reliability of fMRI connectivity estimates can be
greatly improved by increasing the scan length up to 13 minutes. Our estimates may

therefore be improved upon, since our scans lasted only 4.9 minutes.
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Conclusions

Together, our findings indicate that the brains of people with albinism are functionally
adapted to abnormal visual input but that the functional adaptations do not seem to
be accompanied by white matter changes. Our findings may reflect a compensatory
functional adaptation accounting for the increased decussation of the optic nerve
fibres at the chiasm, foveal hypoplasia and nystagmus. Our results suggest that
wider changes throughout the whole brain occur in albinism, rather than only in the
visual processing pathways. We propose that these wider changes may be
secondary to adaptation of the visual pathways, and may suggest a general

propagation effect of functional adaptation throughout the brain.
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Figure and Table Legends

Figure 1. Summary of the Graph-Theoretic Analysis.

The first step shows an example weighted association matrix, in which each row and
column represents a brain region. Each coloured dot represents the Pearson
correlation coefficient for the two fMRI timeseries extracted from the corresponding
regions. The smaller horizontal line in the matrix shows pairs of regions’
interhemispheric connectivities. The data from this matrix can be represented as a
graph, as in the second step. By applying a threshold, the weakest connections are
removed until a desired density is reached. Over a range of densities, the value of a
summary graph metric is calculated, as shown in step 3. In step 4, we calculate the

area under the line to give the final metric score.

Figure 2. V1 Interhemispheric Connectivity.

(A) Boxplot showing significantly higher functional connectivity between primary
visual cortices in the albinism group compared to controls, and (B) nonsignificant
difference in streamline density measurements between primary visual cortices
compared to controls. (C) An example showing the calcarine sulci in light blue and,

in red/yellow, the probability map for streamlines passing between the two regions.

Figure 3. Brain Network Properties.

Boxplots showing (A) between-group differences in graph metrics based on
functional connectivity and (B) between-group differences in graph metrics based on
streamline density. Metrics for which there was a significant between-group

difference are indicated with an asterisk.

Table I. V1 Interhemispheric Connectivity.
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Mann-Whitney U test results for the between-group differences in functional
connectivity and streamline density between primary visual cortices. The values for

streamline density are corrected for ROl volume.

Table Il. Functional brain network properties.

Mann-Whitney U tests for equality of medians for whole-brain network metric
integrals derived from fMRI data between albinism and control groups. Values given
are the ratio between the subjects’ score and the score from 1000 randomly-

generated networks which preserve degree sequence.

Table Ill. Structural brain network properties.

Mann-Whitney U tests for equality of medians for whole-brain network metrics
derived from DTI data between albinism and control groups. Values given are the
ratio between the subjects’ score and the score from 1000 randomly-generated

networks which preserve degree sequence.
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Tables
Table I.
Connectivity Control Median Albinism Median
U p (two-tail)
Measure (IQR) (IQR)

Anterior 0.73 (0.59-0.82) 0.75 (0.66-0.82) 178 0.030*

Streamline
Density — 8.78 (2.66-28.08) 10.64 (3.30-25.15) 174 0.713
Whole V1

Posterior 2.29 (0.28-6.39) 3.69 (0.97-7.83) 146 0.246

* p-values significant after FDR correction.
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Table Il.

Control Median Albinism
Metric U p (two-tail)
(IQR) Median (IQR)

Characteristic ~ 1.242 (1.222-  1.272 (1.248-
133 0.031
Path Length 1.264) 1.322)

-3.560 (-5.151- -4.220 (-5.261-
Assortativity 182 0.356
-2.842) -2.793)

* p-values significant after FDR correction.



Welton 41

Table IlI.

Control Median Albinism
Metric U p (two-tail)
(IQR) Median (IQR)

Characteristic  1.212 (1.179-  1.205 (1.157-
117 0.376
Path Length 1.240) 1.234)

-0.108 (-0.433- 0.037 (-0.149-
Assortativity 127 0.591
0.414) 0.273)
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