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Abstract
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Using probabilistic diffusion tractography, we examined the retinotopic organization of splenial
callosal connections within early blind, anophthalmic, and control subjects. Early blind subjects
experienced prenatal retinal “waves” of spontaneous activity similar to those of sighted subjects,
and only lack postnatal visual experience. In anophthalmia, the eye is either absent or arrested at
an early prenatal stage, depriving these subjects of both pre- and postnatal visual input. Therefore,
comparing these two groups provides a way of separating the influence of pre- and postnatal
retinal input on the organization of visual connections across hemispheres. We found that
retinotopic mapping within the splenium was not measurably disrupted in early blind or
anophthalmic subjects compared to visually normal controls. No significant differences in splenial
volume were observed across groups. No significant differences in diffusivity were found between
early blind subjects and sighted controls, through some differences in diffusivity were noted
between anophthalmic subjects and controls. These results suggest that neither prenatal retinal
activity nor postnatal visual experience play a role in the large-scale topographic organization of
visual callosal connections within the splenium.
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1. Introduction
Visual deprivation is a classic paradigm for studying organization and plasticity in the
central nervous system within both animals and humans (Wiesel and Hubel, 1965a, b). The
visual system is relatively well-understood and at least a fifth of the brain is normally
devoted to visual processing, thereby offering the opportunity to study large-scale
reorganization during development. Here we use blindness to examine the role of pre- and
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postnatal neural activity on the large scale organization of fibers within the corpus callosum
in humans.
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In many species (including humans), the right visual cortex represents the left side of the
visual field and the left visual cortex represents the right visual field. These two halves are
interconnected via axonal projections that pass through the splenium at the posterior end of
the corpus callosum (Clarke and Miklossy, 1990; de Lacoste et al., 1985; Pandya et al.,
1971; Rockland and Lund, 1983) allowing for coverage of the visual field across the vertical
meridian. Although organization within the callosum is difficult to systematically map using
electrophysiology techniques, studies in the cat (Hubel and Wiesel, 1967) and monkey
(Rockland and Pandya, 1986) have found some evidence for topographic organization of
visual fibers within the splenium itself. In humans, Dougherty et al. (2005) found dorsal-toventral organization within splenial fibers projecting from early visual areas (V1/V2, V3,
V3A/B, V4 and V7). More recently, Saenz & Fine (2010) further demonstrated organization
based on eccentricity. Visual inspection of the maps suggested that fibers connecting dorsal
visual areas were clustered in the superior-caudal region of the splenium, while fibers
connecting ventral visual areas were clustered in the inferior-rostral corner of the splenium.
In the case of eccentricity, projections from foveal-to-peripheral V1 sub-regions appeared to
map from the superior-rostral to the inferior-caudal direction within the splenium:
orthogonal to the dorsal-to-ventral mapping.
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While input from the retina influences the organization of cortical connections at the level of
cortex (Goodman and Shatz, 1993; Katz and Crowley, 2002; Katz and Shatz, 1996; LopezBendito and Molnar, 2003; Price et al., 2006; Sur and Rubenstein, 2005), it is less clear the
degree to which retinal input affects the development and/or maintenance of fibers within
the cortical white matter fiber tracts themselves. Some studies (Lepore et al., 2010; Levin et
al., 2010) suggest that early postnatal blindness leads to a reduction in splenial white matter
volume, however, Bridge et al. (2009) did not find any structural differences within the
splenium between anophthalmic subjects and their matched control subjects. Similarly, one
of the first studies to use diffusion-weighted imaging to investigate the developmental
effects of sensory deprivation by Shimony et al. (2006) found a reduction in fractional
anisotropy between early blind subjects and sighted controls (interestingly, Bridge et al.
(2009) found somewhat different results using a smaller group of anophthalmic subjects).
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Here, using T1- and diffusion-weighted imaging combined with diffusion based
probabilistic tractography, we examined the volume, diffusivity, and topographic
organization of visual callosal connections within normally-sighted, early blind, and
anophthalmic subjects. Early blind subjects, who lost vision from birth to the first 5 years of
life, experienced prenatal retinal “waves” of spontaneous activity prior to losing sight, and
only lack postnatal visual experience. In anophthalmia, the input from the optic nerves to the
thalamus and midbrain never exists (or only exists temporarily, early in development before
the embryonic eyes degenerate (Stevenson, 2006)). As a result, anophthalmic subjects not
only lack postnatal visual experience, but also do not experience (or have much reduced)
prenatal retinal “waves” of spontaneous activity as compared to sighted and early blind
humans. Comparing these groups offers a way of at least partially separating the influence of
pre- and postnatal retinal input on the retinotopic organization of visual connections across
hemispheres, and provides an important addition to literature investigating the influence of
neuronal activity on the development and maintenance of retinotopic connections between
visual hemispheres that has thus far been entirely confined to animal models (Chalupa,
2009; Graven, 2004; Huberman et al., 2005).
Several studies have examined the effect of visual deprivation on callosal connections, with
somewhat inconsistent findings (Bridge et al., 2009; Lepore et al., 2010; Levin et al., 2010;
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Shimony et al., 2006), as described below. Our study is unique in examining the effect of
blindness on the retinotopic organization of splenial connections. We find that visual
callosal fibers are retinotopically organized in sighted controls, as shown previously
(Dougherty et al., 2005; Saenz and Fine, 2010), and that this organization is preserved in
both early blind and anophthalmic subjects. These results suggest that the gross retinotopic
organization of visual fibers within the splenium develops and is maintained independently
from any pre- or postnatal retinal input, and that changes as a result of blindness in this
pathway may occur as white matter connections innervate cortex, rather than within the
tracts themselves.

2. Materials and methods
2.1. Subjects
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Six anophthalmic subjects (two females, mean age 24.2 +/− 5.2), six early blind subjects
(three females, mean age 49.5 +/− 13.4) (see Table 1), and 15 normally-sighted control
subjects (eight females, mean age 27.7 +/− 4.6) participated. Note that the average age of
early blind subjects is larger than for the other two groups. However a 2-way ANOVA
(subject group x diffusivity measure: FA, MD, L1, L23, see below) performed on the
Fisher's r to z transform of the correlation between age and diffusivity measures found no
interaction between age and diffusivity values. All sighted subjects had normal or correctedto-normal vision. All subjects provided informed written consent, and all procedures
involved were approved by either the Oxfordshire NHS Research Ethics Committee (07/
Q1605/20) or the Institutional Review Board at the University of Washington.
2.2. Data collection and analysis
Imaging of six control and all anophthalmic subjects was performed at the Oxford Centre for
Clinical Magnetic Resonance using a Siemens 3T Trio scanner with a 12-channel head coil.
Imaging of the remaining nine control and all early blind subjects was performed at the UW
Medical Center using a Philips 3T scanner with an 8-channel head coil. Some of the data
and results (though using slightly different analysis methods) obtained from the six control
and anophthalmic subjects whose data were collected at Oxford have been previously
reported (Bridge et al., 2009), as specified below.
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At both centers high-resolution anatomical images were acquired using a standard 1mm3
T1-weighted magnetization prepared rapid gradient echo (MP-RAGE) sequence. Diffusionweighted images were acquired axially using echoplanar imaging, with isotropic voxels of
2mm3. The diffusion weighting was isotropically distributed through space (Jones et al.,
1999) along 60 directions using a b-value of 1000s/mm2. For 1 early blind subject, diffusion
weighting was distributed along 32 directions. The total acquisition time for both structural
and diffusion data was ~30 min. All subsequent analysis of the data was conducted on the
same workstation running Ubuntu 12.04. Analysis consisted of the following steps:
2.2.1. Definition of occipital ROIs on the cortical surface—Cortical reconstruction
and volumetric segmentation was performed with the Freesurfer v5.1.0 image analysis suite,
which is documented and freely available for download online (http://
surfer.nmr.mgh.harvard.edu/). Briefly, this processing includes skull-stripping (Segonne et
al., 2004), subcortical segmentation (Fischl et al., 2002; Fischl et al., 2004), intensity
normalization (Sled et al., 1998), surface generation (Dale et al., 1999; Dale and Sereno,
1993; Fischl and Dale, 2000), topology correction (Fischl et al., 2001; Segonne et al., 2007),
surface inflation (Fischl et al., 1999a), registration to a spherical atlas (Fischl et al., 1999b)
and thickness calculation (Fischl and Dale, 2000).
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Three sets of ROIs were then defined on the cortical surface:
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2.2.1.1. Occipital lobe ROI: This ROI was chosen to include all early visual areas on the
Freesurfer cortical surface using the Destrieux surface based atlas (Destrieux et al., 2010).
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2.2.1.2. V1/V2 ROI: A surface-based estimate of the location of primary visual cortex (V1)
from cortical folds was obtained using Freesurfer (Hinds et al., 2009; Hinds et al., 2008). As
callosal connections in primate visual cortex are found at the highest density within a narrow
zone straddling the V1/V2 border (Clarke and Miklossy, 1990; Kennedy et al., 1986; Van
Essen et al., 1982), a V1/V2 ROI (larger than the V1 ROI used by Saenz and Fine, 2010)
was drawn by expanding the border of V1 to the fundi of the lingual sulcus and the
neighboring paracalcarine sulcus to ensure the inclusion of visual callosal connections on
the V1/V2 border. As the exact width of the callosal projection zone is known to vary
according to eccentricity, as well as species (Kennedy et al., 1986; Olavarria, 1996; Payne et
al., 1991; Segraves and Rosenquist, 1982), we allowed our V1/V2 ROI to extend fully into
the acallosal center of V1. The anterior border of the V1/V2 ROI was drawn at the posterior
edge of cuneal cortex (defined using Destrieux surface based atlas (Destrieux et al., 2010))
and carried perpendicular to the calcarine sulcus to the ventral edge of the V1/V2 ROI (see
Figure 1). Care was taken to draw these borders as consistently as possible, based on each
subject's predicted V1 location and cortical folds, however due to the inherent variability in
the gyrification of the human brain, some variability in the location of the borders between
subjects was unavoidable.
2.2.1.3. Subregion V1/V2 ROIs: The V1/V2 ROI described above was further partitioned
into five sub-regions: dorsal, ventral, anterior, middle, and posterior (see Figure 1). The
dorsal and ventral sub-regions were located dorsal and ventral to the calcarine sulcus,
respectively. Following the calcarine sulcus, the most posterior point in the V1/V2 ROI was
chosen to divide the dorsal and ventral regions. The anterior, middle, and posterior subregions were drawn perpendicular to the calcarine sulcus as pseudo-rectangular regions of
equal width within the V1/V2 ROI.
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2.2.2. Co-registration of anatomical and diffusion space—Each subject's
individual anatomical image was registered to that subject's respective diffusion-weighted
images, which were corrected for eddy currents and head motion and skull-stripped, using
FMRIB's software library and diffusion toolbox v2.0 (FSL, freely available at http://
www.fmrib.ox.ac.uk/fsl/). The resulting registration matrices were used to transform the
cortical surface ROIs described above to diffusion space. All cortical surface ROIs were
projected 2mm into white matter from the grey/white matter boundary and transformed to
three-dimensional subject-specific diffusion space for subsequent tractography analysis.
2.2.3. Generation of streamlines from the occipital ROI—Probabilistic tractography
was performed in diffusion space using FMRIB's diffusion toolbox (FDT). Briefly, FSLFDT repeatedly samples from the distribution of diffusion directions for each voxel that
were generated through Bayesian estimation. Streamlines are generated from each voxel
within the occipital ROI by drawing a line in the sampled direction towards the next voxel.
Relatively standard parameters were used: number of diffusion directions modeled = up to 2/
voxel, number of streamlines = 5000/voxel, curvature threshold = 0.2, maximum number of
steps = 2000, and step length = 0.5mm (Behrens et al., 2007; Behrens et al., 2003a; Behrens
et al., 2003b).
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2.2.4. Restriction of streamlines from the occipital ROI
a.
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Any fiber that passed through the midline posterior to the corpus callosum was
excluded to prevent fibers from erroneously crossing into neighboring voxels
across the hemispheric gap.

b. Following methods described previously (Dougherty et al., 2007; Huang et al.,
2005) an ROI was drawn to delineate occipital vs. parietal cortex (using the
intersection of the calcarine and occipital-parietal sulcus as a boundary) within a
single coronal slice at the anterior border of the occipital lobe. Only those fibers
that pass through this ROI were retained, thereby excluding parietal-callosal fibers.
c.

A callosal region of interest was drawn on a single midline sagittal slice. Only
those fibers that passed through this ROI were retained (and streamlines terminated
at this ROI).
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2.2.5. Identification of the splenium—We defined the splenium as including any voxel
within the corpus callosum where at least 2500 tracts seeded from the occipital ROI
terminated. Increasing the stringency of our threshold had only minor effects on the size of
the splenial region until an extremely stringent criterion was used. Lowering the threshold
gradually increased the size of the splenial region and clearly included voxels within the
corpus callosum that were outside the splenium. Thus this threshold was chosen to
maximize the number of reliably identified splenial voxels. Identification of the splenium
using a smaller occipital ROI likely to be restricted to V1/V2 (for example, to the size of the
ROI used by Saenz and Fine, 2010) results in a splenial ROI that is very similar in shape and
location, although slightly smaller. Tracts coincided with the inferior-rostral boundary of the
splenium in both subject-specific diffusion space and diffusion-registered anatomical space,
indicating good registration between T1 and diffusion weighted images.
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2.2.6. Calculation of projection probabilities—Fibers were seeded from this splenial
ROI (using the same FDT parameters described above) and only those voxels in the seed
region with a streamline connection probability of p = 0.02 (100 out of 5000 streamlines)
were retained. The probability of a streamline connection with a V1/V2 subregion for each
splenial voxel was evaluated as the proportion of the total number of streamlines reaching
any subregion in that map (dorsal-to-ventral map or anterior-to-posterior map). For example,
for a given splenial voxel, the streamline connection probability to the dorsal subregion was
calculated by dividing the number of streamlines reaching the dorsal subregion by the
number of streamlines reaching both dorsal and ventral subregions. As shown in Figure
2A,B, each voxel in the splenium was color-labeled in a graded fashion according to its
proportional streamline connectivity to each of the target regions. The dorsal-to-ventral
classification was labeled such that voxels primarily connected to the dorsal region were
blue, and those primarily connected to the ventral region were green. The anterior-toposterior classification was likewise labeled using a yellow-red scale.
2.2.7. Quantification of projection probabilities—The callosum of each subject was
re-oriented such that a horizontal line passed through the most anterior point of the genu and
the most posterior point of the splenium in a mid-sagittal slice. Each splenial probabilistic
map was then fit with a linear ramp with free parameters quantifying the orientation (θ) and
gradient (m) of the dorsal-to-ventral or anterior-to-posterior map, Figure 2C,D. These linear
ramps can be described by a vector where the vector angle represents the orientation of the
map and the vector line length represents the map gradient, in terms of the change in color/
pixel (see overlay vectors on Panels C and D). Figure 2E shows the resulting vector plots
for a single sighted subject, all subjects are shown in Supplementary Figures 3-5. If
callosal connections are retinotopically organized then these vectors should be orthogonal.
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3. Results
3.1. Volume and Diffusivity
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3.1.1 Splenial volume—We used Freesurfer v5.1.0 volumetric segmentation to identify
the corpus callosum, and this callosal volume ROI was translated into diffusion space. This
volumetric definition of the corpus callosum spans several sagittal slices (5mm) and is
therefore likely to be robust to small differences in acquisition orientation across individuals.
For both the callosal and splenial volumes for each group, Lilliefor's test failed to reject the
null hypothesis (p>0.05) that the volume distributions are normal. Using a 1-factor ANOVA,
we found no difference in either the volume of the corpus callosum or the volume of the
splenium across groups. Nor was there a difference across groups in the ratio of the
splenium to corpus callosum, (Figure 3, also see Table 2). Similar analyses were carried out
using the cross-sectional area (of a single midline slice), and no significant differences
across subject groups were observed (see Table 2). Previous groups have presented data
(Levin et al., 2010) suggesting that binocular blindness may result in a reduction of the
cross-sectional area of occipital-callosal fibers, however the authors note that the blind
subject also had a small corpus callosum, and that the size of the occipital-callosal crosssection in relation to the size of the corpus callosum was similar to controls. Like Levin et
al., we did find a positive correlation between the size of the corpus callosum and the size of
the splenium across all subject groups (Control R2 = 0.31; Early Blind R2 = 0.41;
Anophthalmic: R2 = 0.94; p = 0.57). However, we saw no indication of a reduction in the
size of the splenium or the corpus callosum in either early blind or anophthalmic subjects, as
shown in Figure 3. The general finding of a lack of difference in the splenial and callosal
volume between anophthalmic and control subjects (using different analysis methods) based
on the same anophthalmic dataset has been previously reported (Bridge et al., 2009).
3.1.2 No evidence of reduced numbers of streamlines across groups—We saw
no evidence of atrophy of visual-callosal connections based on the number of streamlines.
Fibers seeded in the splenial mask reached a V1/V2 target mask in either hemisphere with
an equal probability for all groups (Control Mean: 33.48 +/− 11%; Early Blind Mean: 27.12
+/− 14%; Anophthalmic Mean: 22.10 +/− 8%; p = 0.13).
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3.1.3 Diffusivity—Note that in all the diffusivity analyses of Table 3 (see also
Supplementary Figure 2), anophthalmic and early blind subjects were compared to control
subjects whose data were acquired on the same scanner, as different scanners produce
slightly different diffusivity measurements (Takao et al., 2011). There was no difference in
fractional anisotropy across groups within either callosal or splenial volumes. The lack of a
difference in splenial fractional anisotropy between anophthalmic and control subjects
(using different analysis methods) has been previously reported (Bridge et al., 2009).
We found reduced longitudinal (L1) and radial diffusivity (L23) within the splenium in
anophthalmic subjects. Two types of post-hoc multiple comparison correction were carried
out: Bonferroni-Holm (B-H) - a conservative method designed to control the family-wise
error, and the less conservative false discovery rate (FDR based on a method by Benjamini
& Hochberg (1995)) - designed to limit the number of false-negatives. The difference in
longitudinal (L1) diffusivity was not significant using B-H correction, but was significant at
the p<0.05 level using FDR correction. Differences in radial diffusivity (L23) were not
significant after correction using either procedure.
There was no difference in longitudinal (L1) or radial diffusivity (L23) within the callosal
volumes across groups. There was higher mean diffusivity (MD) within the splenial volume
in controls compared to anophthalmic subjects, this survived correction using both
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procedures (p<0.01 for both methods). There was no difference in mean diffusivity between
early blind and sighted controls. We found no difference in mean diffusivity (MD) within
the callosal volume across groups.
3.2. Topography
Figure 4 shows vector plots for all three subject groups. The blue lines represent the dorsalto-ventral mapping; red lines represent the anterior-to-posterior mapping. The orientation
and gradient values for each map across groups can be found in Table 4.
We saw evidence for clear orthogonality between dorsal-to-ventral and anterior-to-posterior
maps, mirroring the orientation of the cortical subregions, across all three subject groups
(Figure 4, right column), see also Table 4). Using the circular equivalent to a one-sample ttest (Bonferroni corrected for multiple comparisons) with a specified mean direction we
found that the angular difference between these two maps was significantly different from 0
degrees for each group (Control: p = 0.001; Early Blind: p = 0.035; Anophthalmic: p =
0.018), and was not significantly (p > 0.05) different from 90 degrees for each group. A
parametric Watson-Williams multi-sample test for equal means showed no difference (p =
0.78) in map orthogonality across groups.
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There was no rotation in the orientation of either the dorsal-to-ventral or anterior-toposterior mapping in either early blind or anophthalmic subjects compared to sighted
subjects. Statistical comparison by a parametric Watson-Williams multi-sample test for
equal means (which can be considered as the equivalent of a one-way ANOVA for circular
data), showed no difference in the orientation of either dorsal-to-ventral or anterior-toposterior maps between groups. Nor did we see a difference in the gradient of the dorsal-toventral or anterior-to-posterior mapping in either early blind or anophthalmic compared to
sighted subjects. A one-way ANOVA revealed no difference in the gradient of either the
dorsal-to-ventral or anterior-to maps between any of the groups (see Table 4).
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There was no evidence for greater variability within the maps of anophthalmic or early blind
subjects compared to sighted subjects: Bartlett's test for equal variances showed the same
degree of variability across groups for dorsal-to-ventral and anterior-to-posterior orientations
and gradients. There was no difference in the R2 values (describing the goodness of fit of the
linear ramp as a model of topographic organization) across groups for either the dorsal-toventral (Control: 0.44; Early Blind: 0.37; Anophthalmic: 0.41; p=0.57) or anterior-toposterior (Control: 0.35; Early Blind: 0.37; Anophthalmic: 0.37; p=0.95) maps, suggesting
splenial fibers have a similar level of organization across groups. Finally, we carried out a
bootstrap analysis comparing R2 values from this fitting procedure to R2 values obtained
after randomly shuffling voxels of the each hemisphere's map. As expected, bootstrapped R2
values for shuffled maps clustered near zero for both dorsal-to-ventral and anterior-toposterior maps. For every subject, R-squared values for the dorsal-to-ventral and anterior-toposterior maps were found to fall outside the 99% confidence interval for bootstrapped R2
squared values from ‘random maps’.
Although we did not observe any significant correlations between our orientation and
gradient measures across all subjects, it is nonetheless possible that the relationship between
these measures differed across blind and sighted subject groups. We examined this further
by plotting, for example, dorsal-ventral orientation vs. anterior-posterior orientation,
calculating the two standard deviation covariance ellipse based on sighted subjects only, and
then counting the number of blind (collapsing across subject groups) subjects falling outside
the ellipse. We used a Monte-Carlo procedure (assigning subject groups randomly on each
iteration) to examine whether the number of blind subjects falling outside the ellipse was
larger than might be predicted by chance. The only case in which a larger number of
Neuroimage. Author manuscript; available in PMC 2014 November 01.
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subjects fell outside the ellipse than might be expected by chance was the comparison
between dorsal-ventral and anterior-posterior orientations, and visual inspection of the data
revealed no systematic difference between blind and sighted subjects in the pattern of data
or the position of outliers. These data are shown in Supplementary Figure 1.

4. Discussion
Here we compared the volume, diffusivity, and topographic organization of visual callosal
connections within normally-sighted, early blind, and anophthalmic subjects using T1- and
diffusion-weighted imaging combined with diffusion based probabilistic tractography. We
found no difference in the gross topographic organization of visual callosal connections
across groups, despite the lack of prenatal retinal activity and/or postnatal visual experience,
suggesting that retinal neuronal activity is not required for the development and maintenance
of topography in these connections.
We did find reduced mean diffusivity and possibly reduced longitudinal diffusivity in
anophthalmic subjects, but not early blind subjects, suggesting that while the gross
organization of these tracts is robust to loss of visual experience, the loss of prenatal retinal
input may affect the tissue properties of these tracts.
4.1 Comparison to previous studies: callosal and splenial volume
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Across our 6 early blind, 6 anophthalmic subjects (these data were previously reported in
Bridge et al., 2009) and 15 sighted controls we saw no evidence of either a reduction or
expansion in the size of the corpus callosum, the size of the splenium, or proportion of the
callosum containing visual splenial fibers. A previous study (Levin et al., 2010) compared
the cross-sectional area of the splenium and corpus callosum in an early blind subject, a
sight recovery subject (MM, blinded between the ages of 3.5 and 46), and 10 sighted
controls. A comparison of the data re-plotted from Levin et al. (2010) with ours
(Supplementary Figure 6) suggests that their data actually agrees with ours quite closely.
While Levin et al.'s early blind subject had an abnormally small callosum, his ratio of his
splenial/callosal cross-sections fell within the normal range and the reduction in callosal
cross-sectional area may reflect normal subject variability. In contrast, the sight recovery
subject MM had an abnormally large callosal area, and the ratio of his splenial/callosal
cross-sections was abnormally small.
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Lepore et al. (2010) using tensor-based morphometry, found a significant reduction of
volume within rostral regions of the splenium (with nearby non-significant increases in
volume within more caudal regions) across 16 early blind subjects as compared to 16
matched sighted controls. This Lepore study had a larger number of subjects in each group;
however our results are not indicative of a failure to find volumetric differences within the
splenium due to a lack of power. One significant difference in methodology is that the
splenium was identified individually in each of our subjects. In contrast, Lepore et al. used
tensor-based morphometry whereby a voxel-wise comparison is carried out after brains are
nonlinearly aligned across subjects. However, there seems no obvious reason why the
known anatomical differences between early blind and sighted subjects within occipital
cortex (Dehay et al., 1996; Dehay et al., 1989; Jiang et al., 2009) would result in
misregistration of the callosum across groups (Ashburner et al., 2000; Ashburner and
Friston, 2001), though Lepore et al.'s finding of non-significant increases in neighboring
callosal areas is consistent with such a possibility.
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4.2 Comparison to previous studies: diffusivity
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Previous studies using diffusion tensor imaging have suggested that early blindness leads to
changes in diffusivity within the splenium. Levin et al. (2010) did not find any significant
difference in fractional anisotropy or axial diffusivities within the splenium of their sight
recovery subject. However, their early blind subject had lower fractional anisotropy and
higher mean diffusivity than the 95% confidence interval of the sighted controls. Shimony et
al. (2006) found no difference in mean diffusivity between 5 early blind subjects (3 ROP)
and 7 seven sighted controls, but did find a reduction in Aσ, which is proportional to relative
anisotropy, within blind subjects that was (barely) significant. Yu et al. (2007) found a
significant reduction in fractional anisotropy within the splenium across 17 early blind
subjects and their sighted controls.
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We saw no differences in radial diffusivity or fractional anisotropy within the splenium or
the corpus callosum between our sighted and anophthalmic and early blind subjects. We did
find a slight reduction in mean diffusivity and possibly longitudinal diffusivity in the
splenium of anophthalmic subjects compared to controls. This finding of no reduction of
fractional anisotropy in anophthalmic subjects has been previously reported based on the
same dataset (Bridge et al., 2009). The fractional anisotropy and mean diffusivity values for
the early blind subject reported by Levin et al. (2010) are within the range of the values
reported here, so the difference between their results and ours may be explained by
variability across subjects, however comparing diffusivity values across scanners is
problematic (Takao et al., 2011). It is not clear why our results differ from those of Shimony
et al. (2006), however they measured relative anisotropy, compared to fractional anisotropy
reported here. It is known that fractional anisotropy images have a higher signal-to-noise
ratio and superior noise immunity compared to relative anisotropy (Hasan et al., 2004),
which may explain the difference in our results. The difference between our results and
those of Yu et al. (2007) may also be due to a difference in methodology. Yu et al. (2007)
defined the splenium as the posterior quadrant of the corpus callosum in a midsagittal slice,
which may have contained non-visual fibers both inside and outside the splenium, whereas
our splenium was defined in individual subjects based on tracts from visual cortical areas,
resulting in a volume that is slightly smaller. It is therefore possible that the differences
found by Yu et al. (2007) are driven by regions of the callosal tract that fall outside the
visual portion of the splenium. Thus, it is possible that blindness affects callosal diffusivity
values in non-visual and/or multimodal callosal fibers, as also suggested by the finding of
Bridge et al. (2009) of reduced FA in anterior portions of the callosum. This could be
examined in future studies by examining diffusivity values between sighted and blind
individuals using callosal ROIs defined by seeding from a wider variety of cortical areas
(e.g. somatosensory, motor, auditory, prefrontal).
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4.3 Comparison to previous studies: tract organization
Shimony et al. (2006) compared the size of white matter tracts in 5 early blind (3 due to
retinopathy of prematurity) and 7 sighted subjects. Although some variability was observed
across subjects, in all but one early blind subject the splenial tracts appeared grossly normal
in appearance. A recent paper involving two achiasmic subjects (Hoffmann et al., 2012)
similarly showed that despite atypical retinal input and highly abnormal functional responses
in visual cortex, the gross topography of geniculostriate and occipital callosal connections
remains largely unaltered.
Our paper is the first to examine how visual deprivation affects the topographical
organization of fibers within the splenium itself. Like previous studies of sighted subjects
(Dougherty et al., 2005; Saenz and Fine, 2010) we found that visual callosal connections
within the splenium in sighted subjects are topographically organized: tracts projecting
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across the dorsal-to-ventral direction in visual cortex are orthogonal to tracts projecting
across the anterior-to-posterior direction. We found no disruption of topographic
organization within either early blind or anophthalmic subjects, suggesting that neither
prenatal retinal activity nor postnatal visual experience play a major role in determining the
gross topographic organization of visual callosal axons within the splenium.
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Previous studies (Dougherty et al., 2005; Saenz and Fine, 2010) proposed that fibers from
dorsal visual areas project to the superior–caudal end of the splenium and fibers from ventral
visual areas project to the inferior–rostral corner of the splenium, which would result in
vectors oriented at ~135 degrees. However our quantification across a larger number of
sighted subjects suggests a mapping whereby fibers from dorsal visual areas tend to project
to the caudal end of the splenium and fibers from ventral visual areas tend to project to the
rostral corner of the splenium, with a resulting vector oriented at ~100 degrees. A previous
study suggested (Saenz and Fine, 2010) that fibers from anterior visual areas projected to the
inferior-caudal splenium while fibers from posterior visual areas projected to the superiorrostral corner of the splenium, resulting in vectors oriented at ~45 degrees. In contrast, our
quantification suggests a projection whereby fibers from anterior visual areas project to the
inferior portion of splenium, while fibers from posterior visual areas project to the superior
portion of the splenium, with a resulting vector oriented at ~8 degrees. Note that these small
differences in map orientation compared to previous studies may partially result from
methodological differences in the orientation of the callosum (e.g. AC-PC vs. callosal
alignment). To avoid potential complications with reorienting diffusion vectors, we choose
not to AC-PC align our diffusion volumes and instead carried out all measurements in the
native diffusion space. Also, since our main focus was on the topography of connections
within the callosum itself, we choose to use the callosum as our common frame of reference,
as opposed to an alternative anatomical location outside the callosum (e.g. AC-PC vector).
4.4 Comparison of our data to animal models
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Although, to our knowledge, this is the first study to examine the effects of visual
deprivation on retinotopic organization within the splenium itself, there is a large animal
literature describing the effects of early vision loss on visual cortico-cortico connections
(Bock et al., 2012; Bock and Olavarria, 2011; Bock et al., 2010; Olavarria and Hiroi, 2003;
for review, see Innocenti, 1991; Innocenti and Price, 2005). In these studies, it is
consistently found that the pattern of callosal connections at the level of cortex is perturbed
due to early visual deprivation, including the spreading of these callosal connections into
cortical areas that are acallosal in sighted control animals. However, the extent of disruption
seems to be local – often on the order of microns. Indeed, consistent with our findings,
major topographical features, including the restriction of callosal fibers to the border
between visual areas representing the vertical meridian, can still be recognized in animals
lacking visual input (Bock et al., 2012; Bock and Olavarria, 2011; Bock et al., 2010; Dehay
et al., 1989; Olavarria et al., 1987; Olavarria and Van Sluyters, 1995). Thus, the effects of
enucleation may perhaps be better described as a change in specificity or local topography
around normal callosal territory rather than a complete topographical reorganization. For
example, data from Olavarria et al. (2008) and Fish et al. (1991) have suggested that
enucleation leads to larger axonal terminal arborization, and Bock & Olavarria (2011) found
that enucleation leads to a decrease in the precision of visual cortico-cortical connections.
The in vivo diffusion methods used here can only map large scale splenial fiber
organization, on the order of millimeters, limiting our ability to comment on more local
changes in topographical organization.
While it is perfectly consistent with our data that retinotopic disruption with the splenium
occurs at a scale not observable using current diffusion tractography techniques, our results
do demonstrate that large-scale retinotopic organization within the splenium is robust to loss
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of pre- and postnatal retinal input. Further support for the notion that the gross topographical
organization of visual connections remains largely undisturbed by visual deprivation comes
from animal studies. A recent paper in the mouse by Charbonneau et al. (2012) found little
to no difference in the strength nor in the laminar distribution of cortical and subcortical
projections to V1 between anophthalmic, enucleated, and sighted mice. Another recent
paper in the rat by Chan et al. (2012) found no difference in diffusivity, including FA, radial
and longitudinal diffusivity, within the splenium of the corpus callosum in monocularly
deprived as well as monocularly and binocularly enucleated animals. Finally, a study in
anophthalmic mice (Kaiserman-Abramof et al., 1980) showed that despite the lack of retinal
afferents and a reduction of its neuronal population to 76% of normal, the dorsal lateral
geniculate nucleus projects to area 17 in an essentially normal topographic pattern.
Animal studies have also shown that prenatal retinal activity and postnatal visual experience
are only required for later stages of cortical wiring in the visual pathway (Katz and Shatz,
1996). Molecular mechanisms seem to be the primary influence on axon pathfinding early in
development (Goodman and Shatz, 1993; Katz and Crowley, 2002; Katz and Shatz, 1996;
Lopez-Bendito and Molnar, 2003; Price et al., 2006; Ruthazer and Cline, 2004; Sur and
Rubenstein, 2005) with neuronal activity only playing a role in shaping the wiring of
connections significantly later in life.

NIH-PA Author Manuscript

4.4 Callosal projections develop before the onset of retinal waves
Currently, in human and macaque, the timing of many visual callosal events, such as the
generation of visual callosal axons, their crossing of the midline, arrival to the contralateral
white matter, and the invasion of the cortical plate, have not been experimentally
characterized in any great detail. However, while there are known species differences, the
order and timing of neurogenesis (Finlay and Darlington, 1995) and axon extension and
projection segregation (Darlington et al., 1999) show consistent patterns across mammalian
species, thereby allowing the development of a statistical model for the extrapolation of
timelines across species, which includes an estimated timeline for humans (Clancy et al.,
2007a; Clancy et al., 2007b).

NIH-PA Author Manuscript

As described in Figure 5, according to this model, the first visual callosally projecting axons
are generated at embryonic day 89.4 and cross the midline at E100.The onset of retinal
waves occurs at E101.2, after visual callosal axons cross the midline and prior to LGN axons
innervating cortical layer IV, which occurs at E132.1. Visual callosal axons reach
contralateral white matter by E154.1, but estimates suggest that these axons do not invade
the cortical plate for another 16-30 days (Aggoun-Zouaoui and Innocenti, 1994; Fish et al.,
1991; Kroenke et al., 2009; Kroenke et al., 2007; Mizuno et al., 2007). One possible
explanation for this ‘waiting period’ is that activity patterns within the retinae during this
time dictate the pattern of innervation of cortex. Support for this hypothesis comes from
Olavarria & Hiroi (2003), who showed in both rat and mouse that the development of
retinotopically-matched callosal linkages depends critically on retinal influences during this
‘waiting period’. Given that retinal activity begins after visual callosal axons cross the
midline, but before they innervate cortex, our results combined with the animal literature
suggest that the topography of callosal axons within the splenium develops and is
maintained in an activity-independent manner based on molecular mechanisms, with
separate activity-dependent mechanisms specifying callosal topography at the level of
cortex.
4.5. Conclusions
In summary, while previous studies (Dehay et al., 1989; Hoffmann et al., 2012) have
suggested that the gross organization of visual callosal tracts is determined and maintained
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in an activity-independent manner by molecular mechanisms early in development, our
results are the first to demonstrate that the retinotopic organization of fibers within these
tracts is similarly robust to altered visual experience. These results suggest that
topographical disruption of cortico-cortical connections that have been described (for
review, see Innocenti, 1991; Innocenti and Price, 2005) as a result of blindness likely occur
as white matter connections innervate cortex, rather than within the tracts themselves. While
we have demonstrated that large-scale topography remains intact, future studies with more
power will be required to determine how tissue properties within this tract (e.g. myelination,
axon diameter) are affected by altered visual experience.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Definition of occipital ROIs
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Left hemisphere cortical surface of a sighted subject showing the (A) dorsal (blue) and
ventral (green) ROIs, as well as (B) the anterior (yellow), middle (orange), and posterior
(red) ROIs. The yellow line in (A) and (B) represents the border of V1, defined by
Freesurfer (see methods). The V1 ROI included the following cortical labels: 2 –
G_and_S_occipital_inf ; 11 – G_cuneus ; 19 – G_occipital_middle ; 20 – G_occipital_sup ;
21 – G_oc-temp_lat-fusifor ; 22 – G_oc-temp_med-Lingual ; 43 – Pole_occipital ; 45 –
S_calcarine ; 52 – S_collat_transv_post ; 58 – S_oc_middle_and_Lunatus ; 59 –
S_oc_sup_and_transversal ; 60 – S_occipital_ant ; 61 – S_oc-temp_lat ; 62 – S_octemp_med_and_Lingual ; 66 – S_parieto_occipital (see (Destrieux et al., 2010) for label
details). Insets show V1 from a medial view of the entire brain to aid in orienting the reader.
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Figure 2. Calculation of projection probabilities

Splenial probabilistic maps for a single sighted subject, showing the (A) dorsal/ventral and
(B) anterior/posterior maps. Anatomical directions are shown in (A). We used color maps
where dorsal = blue [0 0 1] and ventral = green [0 1 0] such that if a voxel had a
connectivity value of 0.9 to the ventral region and 0.1 to the dorsal region then it was
assigned a green color value of 0.9 * [0 1 0] + 0.1 * [0 0 1]. The anterior-to-posterior
classification was likewise labeled using a yellow-red scale: anterior = yellow [1 1 0],
middle = orange [1 0.5 0], and posterior = red [1 0 0]. A linear ramp was fit to each map,
shown in (C) and (D), resulting in a vector that represents the orientation (vector angle) and
gradient (vector line length) of the (C) dorsal-to-ventral and (D) anterior-to-posterior
splenial maps. A polar plot summarizing the resulting vectors for each map is found in (E).
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Figure 3. Splenial and Callosal Volume

Scatter plot of the occipital callosal fiber volume in relation to the volume of the corpus
callosum. While blind subjects tended to have relatively small callosal volumes as compared
to sighted subjects, all but one anophthalmic subject fell within the normal range, as
represented by a 2 standard deviation covariance ellipsoid (dotted line).
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Figure 4. Summary polar plots

Left column: data from the left hemisphere of two control, two early blind, and two
anophthalmic subjects. Individual Vector Plots: vectors representing the dorsal/ventral
(blue) and anterior/posterior (red) maps for subjects in the left column. Summary Vector
Plots: vectors representing maps from all subjects (both hemispheres) for each group;
dashed lines indicate the average slope and orientation; shaded regions represent the
standard error of the mean. Summary Orthogonality Plots: difference between the two map
vectors (purple) for each subject (both hemispheres); lengths of lines indicate the average
slope of the dorsal/ventral and anterior/posterior maps. In all other vector plots, lengths of
lines indicate the slope of the gradient for that map, numbers indicate the orientation angle
in degrees, inner dotted circles indicate a slope of 0.005, and outer circles indicate a slope of
0.01.

Neuroimage. Author manuscript; available in PMC 2014 November 01.

Bock et al.

Page 21

NIH-PA Author Manuscript

Figure 5. Timeline of human visual development

Dates are based on human and laboratory animal data (Clancy et al., 2007b).
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Brief subject descriptions
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Subject

Gender

Age

EB1

F

61

Clinical description
Right eye ruptured at 2 months, detached retina at 5 years; no light perception

EB2

F

51

Retinopathy of prematurity; low light perception until retina detached at 25 years; 2 months premature

EB3

M

59

Retinopathy of prematurity; no light perception; 2 months premature

EB4

M

60

Retinopathy of prematurity; no light perception; 2 months premature

EB5

F

36

Retinopathy of prematurity; low light perception until 14 years; 2 months premature

EB6

M

30

Leber's congenital amaurosis; low light perception

Ano1

M

28

Bilateral anophthalmia associated with OTX2 mutation; mother carrier; delayed speech and motor development

Ano2

F

31

Isolated bilateral anophthalmia; family history of microphthalmia

Ano3

M

18

Isolated bilateral anophthalmia associated with dysplastic kidneys and mild systolic murmur; no family history

Ano4

F

20

Isolated bilateral anophthalmia, right with orbital cyst; no family history

Ano5

M

23

Isolated bilateral anophthalmia; no family history

Ano6

M

25

Isolated bilateral anophthalmia; no family history

Age is at time of scan.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Neuroimage. Author manuscript; available in PMC 2014 November 01.

NIH-PA Author Manuscript
4267.47
666.05
663.76

Callosal area (mm2)
15.14
0.03
0.03

0.16
0.13

Splenial/Callosal Ratio (area)

0.14

0.15

78.60

576.55

594.85

4021.92

0.05

0.05

23.45

85.04

282.06

737.61

s.d.

0.13

0.15

88.00

660.67

550.67

3538.67

mean

Anopthalmic

0.03

0.02

26.41

113.71

135.99

565.90

s.d.

0.93

0.85

0.59

0.12

0.46

0.075

Callosal and splenial anatomical measurements were compared using a 1-way ANOVA. P-values shown have not undergone any post-hoc correction for multiple comparisons.

Splenial area

88.09

74.14

179.97

606.21

Splenial/Callosal Ratio (volume)

(mm2)

Callosal volume

Splenial volume (mm3)

mean

(mm3)

Early blind

mean

s.d.

Control
p-value
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No difference in callosal or splenial volume across subject groups.
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0.035

0.71

0.44
0.92
0.85

(μm2/msec)

Splenial L23

Callosal MD

Splenial MD (μm2/msec)
0.073

0.037

0.057

0.035

0.15

0.88

0.94

0.48

0.62

1.69

1.57

0.68

0.052

0.083

0.068

0.091

0.18

0.11

0.074

0.051

s.d.

0.42

0.55

0.25

0.19

0.91

0.45

0.36

0.083

p-value

1.09

1.09

0.65

0.72

1.98

1.84

0.65

0.57

mean

Control (Oxford)

0.011

0.043

0.050

0.050

0.088

0.043

0.041

0.026

s.d.

0.95

1.11

0.53

0.75

1.78

1.82

0.68

0.55

mean

Anopthalmic (Oxford)

s.d.

0.070

0.098

0.10

0.10

0.11

0.092

0.064

0.033

0.00045

0.70

0.027

0.47

0.0054

0.69

0.40

0.21

p-value

p<0.01, H-B p<0.01
FDR

n.s. H-B n.s. FDR

n.s. H-B p<0.05 FDR

Correction for
Multiple Comparisons
(16 comparisons)

P-values shown are before any post-hoc correction. Only the Splenial MD was significantly different after correction for multiple comparisons (16 groups, based on all the comparisons of this table). Pvalues after correction for multiple comparisons using Holm-Bonferroni (H-B) and False Discovery Rate (FDR, based on Benjamini & Hochberg (1995) are also reported.

Subject groups were divided according to the scanner used for data acquisition (UW or Oxford) and diffusivity values were compared using two-sample t-tests.

0.58

(μm2/msec)

1.68

Splenial L1 (μm2/msec)

Callosal L23 (μm2/msec)

1.60

(μm2/msec)
0.055

0.020

0.59

Callosal FA

Splenial FA

Callosal L1

mean

s.d.

mean
0.56

Early blind (UW)

Control (UW)
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Diffusivity measurements across subject groups.
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92.49

0.0038

0.0033

49.58

37.76

0.0022

0.0013

55.14

40.12

s.d.

96.06

0.0040

0.0031

6.58

69.99

mean

Anopthalmic

48.09

0.0025

0.0023

34.76

55.99

s.d.

0.75

0.79

0.033

0.064

0.12

p-value

n.s. H-B n.s. FDR

Correction for Multiple Comparisons (4 comparisons)

Subject groups were compared using a 1-way ANOVA for gradients and the circular equivalent of a 1-way ANOVA (Watson-Williams multi-sample test) for angular data. P-values shown are before any
post-hoc correction. P-values after correction for multiple comparisons using Holm-Bonferroni (H-B) and False Discovery Rate (FDR, based on Benjamini & Hochberg (1995) are also reported. Dashed
line indicates orthogonality is not an independent measure and is not included in post-hoc correction.

44.53

84.10

Orthogonality (degrees)

0.0024

0.0048

Dorsal-to-Ventral Gradient
0.0026

38.61

7.79

0.0044

44.30

99.77

Dorsal-to-Ventral Orientation (degrees)

Anterior-to-Posterior Orientation (degrees)

Anterior-to-Posterior Gradient

mean

mean
117.63

Early blind
s.d.

Control
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No difference in splenial topography
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