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Individuals born with dense bilateral cataracts, for whom sight was restored later in
life (congenital cataract reversal individuals), provide a unique opportunity to explore
the impact of early (visual) experience on the development of the human brain. Using
diffusion magnetic resonance imaging we assessed white matter microstructure in a
sample of 20 congenital cataract reversal individuals using along-the-tract analysis of
major visual white matter tracts and non-visual control tracts. We additionally recruited
three control groups: 8 permanently congenitally blind individuals, 11 individuals with
reversed developmental (late-onset childhood) cataracts, and 24 age- and sex-matched
typically sighted controls. Diffusion tensor metrics exhibited significant group differences
which were specific to visual tracts. Compared to normally sighted controls, congenitally
blind and congenital cataract reversal individuals both showed impaired white matter
integrity. However, differences were much more spatially extensive for permanently
congenitally blind individuals, and a direct comparison revealed relatively higher tract
integrity for congenital cataract reversal individuals, suggesting a high degree of recovery
following sight restoration. The present pattern of results is compatible with the idea
of both a sensitive period for white matter development and significant white matter
plasticity later in life. We propose that group differences are largely driven by differences
in myelination. Thus, the considerable recovery in congenital cataract reversal individuals
would suggest that life-long myelin plasticity may remain higher than neuronal structural
plasticity.

INTRODUCTION

While brain development is a lengthy process that contin-
ues into young adulthood, the first years of life seem to
be particularly important, highlighted by remarkable neural
changes that are especially relevant to function. In addition
to the guiding role of genes, postnatal brain development
is heavily dependent on experience.l:2 The term ‘sensitive
periods’ refers to epochs in life where brain development is
especially susceptible to experience; a lack of, or aberrant

experience during this phase cannot be fully reversed later
in life.3 This is distinctly evident for neural circuits in the
visual system. The pioneering work of Hubel and Wiesel*
demonstrated in non-human animal models that a sensi-
tive period exists for visual development. More recent stud-
ies have taken this a step further, defining multiple sen-
sitive periods for different visual functions in non-human
animals>® and humans.”? The existence of such sensi-
tive periods would suggest that early visual deprivation can
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considerably and permanently alter neural developmental
trajectories in the visual system.

In humans, natural models for investigating the role of
early visual experience on brain development are scarce.
Traditionally, the impact of congenital versus late visual
deprivation on functional and structural brain organisation
has been investigated in permanently blind humans.10-13
While this research allows conclusions about sensitive pe-
riods for atypical brain development, that is, the capacity
of the brain to adapt to an unexpected environment, con-
clusions about sensitive periods for typical brain develop-
ment are not possible.!3 Thus, individuals who were born
blind but recovered sight later in life must be investigated
to explore whether neural circuits can make up for the lack
of early experience later in life. After undergoing cataract
removal surgery, people born with dense bilateral cataracts
(opaque lenses) provide such an opportunity. Clinical re-
search in this group has consistently reported visual acuity
deficits.1415 Cognitive neuroscience work has extended
these clinical observations to higher visual functions such
as coherent motion!® and face processing.17-19 Despite per-
manent visual deficits, considerable recovery of other func-
tions, such as biological motion and color processing, has
been demonstrated as well.16:20-24 Though limited, recent
neuroimaging efforts have begun to explore the neural cor-
relates of sight restoration after congenital visual depriva-
tion. For instance, visual cortical morphometry (e.g., gray
matter thickness and cortical surface area) was found to not
recover following sight restoration.25-28 Other studies have
reported altered retinotopic organization2? and excitation/
inhibition profiles in the visual cortex30:31 in individuals
with reversed congenital cataracts.

Diffusion magnetic resonance imaging (MRI) can be used
to compute metrics that approximate white matter mi-
crostructure: Fractional anisotropy (FA) measures the frac-
tion of diffusion that is directional, while mean diffusivity
(MD), radial diffusivity (RD) and axial diffusivity (AD),
quantify the magnitude of diffusion directionally averaged,
perpendicular, and parallel to fiber tracts, respectively. De-
spite widespread application, the neurobiological under-
pinnings of these diffusion metrics remain somewhat am-
biguous.32 Generally speaking, impaired white matter
integrity has been associated with increased MD and RD,
and decreased FA and AD. More specifically, while FA is
highly sensitive to microstructural changes, it is neurobio-
logically nonspecific (e.g., has been related to myelin and
axonal density, or in clinical cases to inflammation and
edema).32:33 MD reflects the overall magnitude of diffusion
and is nonspecific as well (e.g., changes can reflect differ-
ences in cell density or be linked to inflammation, edema
or necrosis in clinical cases).33 In contrast, RD and AD fea-
ture much more specificity; RD is thought to be inversely
linked to myelination,33-34 while lower AD seems to reflect
reduced axonal integrity.3435

There is no shortage of literature surrounding DTI in
permanent blindness.!! Most studies agree that there is de-
creased white matter integrity in the optic radiation as a
result of blindness.10:36-45 However, the secondary findings
of these studies demonstrate considerable variation. For in-

stance, the time of onset may indeed be important for white
matter microstructure, but there is some disagreement as
to the exact effect. Some studies found that the optic ra-
diation remains relatively intact for late-blind compared
to early-blind individuals,3642 while another study instead
suggested that the optic radiation may actually be more de-
graded in late-blind than early-blind individuals.3” Look-
ing at other regions, disparity also exists; where a reduc-
tion in FA in the splenium has been reported,3%41:45 other
research has found this not to be the case.346 Studies
have additionally found decreased white matter integrity
in late visual tracts of the ventral stream like the inferior
longitudinal fasciculus and inferior frontal-occipital fas-
ciculus, 10394347 yith less support for similar differences
in the dorsal stream via the superior longitudinal fascicu-
lus.10 In summary, white matter imaging studies in per-
manently congenitally blind humans have consistently ob-
served changes, including decreased FA and increased MD,
in early visual tracts. Additionally, some studies have re-
ported similar changes in higher order visual areas, includ-
ing tracts of the ventral and dorsal stream (for a recent
summary see Paré et al.11),

In the only study investigating white matter integrity in
congenital cataract reversal individuals,?8 the authors em-
ployed both longitudinal and cross-sectional approaches to
quantify the effect of congenital blindness and sight restor-
ing surgery on mean FA and MD in ten early-visual, late-vi-
sual and non-visual tracts. These authors found significant
surgery-related recovery in late-visual tracts, but surpris-
ingly, they did not observe significant changes from pre-
to post-surgery assessments in either the optic tract or op-
tic radiation. In a cross-sectional analysis however, Peder-
sini et al.#® additionally found group differences between
post-surgery MD values for all tracts relative to a dataset
retrieved from the Human Connectome Project, as the au-
thors themselves had not scanned normally sighted control
subjects.

In the present study, we used diffusion tractography to
assess white matter integrity in major visual tracts for a
large sample of congenital cataract reversal individuals. We
opted for a more granular ‘along-the-tract’ analysis, con-
sidering that metric values are known to naturally vary
along the length of a tract.324° Furthermore, we addition-
ally assessed RD and AD metrics to better unravel possible
mechanisms of white matter impairments in this group. We
took a cross-sectional approach involving an age- and sex-
matched normally sighted control group, as well as perma-
nently congenitally blind individuals and individuals with
reversed developmental (later-onset) cataracts all recruited
from the same community and scanned in the same facility.
Using this approach, we hoped to isolate the effects of sight
restoration after congenital visual deprivation (as opposed
to permanent congenital blindness). We expected that vi-
sual tract profiles would be significantly altered in congeni-
tal cataract reversal individuals relative to normally sighted
and permanently congenitally blind individuals. Specifi-
cally, we hypothesized that diffusion tensor metrics would
indicate reduced white matter integrity in visual tracts for
congenital cataract reversal individuals compared with nor-
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mally sighted controls. However, considering the observed
partial functional recovery in congenital cataract reversal
individuals,21,2450.51 we predicted that sight restoration
had induced white matter plasticity, resulting in increased
integrity in congenital cataract reversal individuals com-
pared to permanently congenitally blind individuals. Sim-
ilarly, although Pedersini et al.#8 were unable to find lon-
gitudinal changes in early-visual tracts, considering the
extensive literature supporting the optic radiation as a pri-
mary tract affected by blindness, 10:36-45 we anticipated that
differences between congenital cataract reversal individuals
and permanently congenitally blind individuals would re-
flect white matter plasticity in early-visual tracts related to
sight restoration.

METHODS

PARTICIPANTS

Using the same original dataset as Holig et al.,25 additional
participants were excluded (n=6) due to incomplete
datasets (n=4, one congenital cataract reversal individual,
three sighted controls) and issues in preprocessing (n=2,
both congenitally blind individuals), leaving a final sample
of 63 participants. The primary study group consisted of 20
individuals (mean age (SD) [range] = 19 (10) [6-36] years,
50% female) born with dense bilateral cataracts, surgically
removed later in life (mean age at surgery (SD) [range] =
8 (9) [3 months — 31] years; mean time since surgery (SD)
[range] = 11 (10) [6 months — 34] years), henceforth referred
to as congenital cataract reversal individuals (CC). The ex-
istence of congenital dense, total bilateral cataract was af-
firmed by a team of ophthalmologists and optometrists
based on medical history, the presence of sensory nystag-
mus and strabismus, absence of fundus view prior to
surgery and a positive family history. Full participant de-
tails are reported in Supplementary Table 1.

Secondary groups included eight permanently congen-
itally blind individuals (CB) (mean age (SD) [range] = 21
(7) [16-39] years, 37.5% female) who were totally blind (no
more than rudimentary light perception) due to peripheral
reasons, and 11 developmental cataract reversal individuals
(DC) (mean age (SD) [range] = 16 (10) [9-43] years, 27.3% fe-
male). DC participants had a history of late onset childhood
(developmental) cataracts and cataract surgery (mean age
at surgery (SD) [range] = 13 (10) [7-40] years). No other sen-
sory impairments or neurological disorders were reported
by any of the participants. Full details are reported in Sup-
plementary Tables 2 and 3, respectively.

A total of 24 typically sighted controls (SC) were re-
cruited from the local community (mean age (SD) [range]
= 20 (10) [6-42] years, 33.3% female). They were age- and
sex-matched to CC, CB and DC participants; specifically, 16
were matched to CC individuals, eight to CB individuals,
and 11 to DC individuals. Note that some SC subjects served
as controls for multiple groups.

All visually impaired participants were recruited at the
LV Prasad Eye Institute in Hyderabad, India. Image acquisi-
tion took place at the Lucid Medical Diagnostics radiologi-

cal center in Banjara Hills in Hyderabad. Participants were
given a small monetary compensation or a small gift (un-
der age participants), and all associated costs with partici-
pating (e.g., travel, accommodation, etc.) were reimbursed.
Written informed consent (orally translated into language
the participant or legal guardian was able to understand)
was obtained from each participant or their legal guardian
prior to scanning. This study was jointly approved by the
institutional ethics review board of the LV Prasad Eye Insti-
tute in Hyderabad, India, as well as the ethics commission
of the German Psychological Society.

IMAGE ACQUISITION

All magnetic resonance imaging was performed using a
1.5T GE Signa HDxt scanner (GE Healthcare, Milwaukee,
Wisconsin, USA) with an 8-channel head coil at the Lucid
Medical Diagnostics radiological clinic in Banjara Hills, Hy-
derabad, India. Whole-brain diffusion weighted images
were acquired with a 55-slice gradient-echo EPI2 sequence
in the sagittal plane, with 60 gradient directions (voxel
size=0.9375mm x 0.9375mm x 2.5mm, interslice inter-
val=2.5mm, TE=0.0936 s, TR=15.05 s, inversion time = 0,
flip angle = 90 b-value = 1000 s/mm?Z, FOV = 240 x 240 x 138
mm).

IMAGE PROCESSING

Initial diffusion image processing was performed using MR-
Trix3 (https:/www.mrtrix.org/).52 Specifically, processing
began with denoising, deringing to correct for Gibbs ringing
artifacts, followed by motion and distortion correction. As
reverse-phase encoded images were unavailable, synthetic
ones were created using Synb0 (https://github.com/MASI-
Lab/Synb0-DISC0).5354 A tensor was fitted to the pre-
processed diffusion weighted image, and tensor metrics,
FA, MD, RD, and AD, were then calculated for each voxel.
Tensor images were registered to MNI-space, and 72 white
matter tracts were segmented with  TractSeg
(https://github.com/MIC-DKFZ/TractSeg?tab=readme-ov-

file).>5 Of these 72 tracts, we selected a subset of 16, ac-
cording to recent studies of individuals with visual im-
pairments.10.3947:48 These included nine tracts related to
vision; the optic radiation (OR; left and right), the splenium
(corpus callosum), the inferior frontal occipital fasciculus
(IFOF; left and right), the inferior longitudinal fasciculus
(ILF; left and right), and the superior longitudinal fascicu-
lus (specifically, the second division>¢; SLF; left and right).
Seven additional tracts were chosen as negative controls;
the genu (corpus callosum), the cerebrospinal tract (CST;
left and right), the cingulum (CG; left and right), and the
uncinate fasciculus (UF; left and right). Tracking was per-
formed on 10000 streamlines (a high number of streamlines
reduces variability due to random seeding). We additionally
used the built-in tractometry function of TractSeg,57->8 en-
abling what is commonly referred to as along-the-tract sta-
tistics. Each tract was resampled at 100 points along the
length of the tract, and mean FA, MD, RD, and AD values
were extracted at each of those points. While many studies,
including the statistical analysis of Pedersini et al.,*3 em-
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ployed a ‘tract average’ approach, this might have obscured
a wealth of important information; diffusion metrics vary
considerably across tract profiles, as developmental or neu-
ropathological changes will often occur in focal parts of a
tract rather than uniformly across it and behavioural asso-
ciations may show similar spatial specificity.4® As such,
an along-the-tract approach adds much-needed granularity
and may improve sensitivity.

STATISTICS

Prior to group comparisons, a modified Z-score was used
to probe each group for outliers (modified z-score > 3) in
any of the visual tracts and metrics. For all selected tracts,
group means for diffusion metrics were calculated for each
of 98 segments (100 — 2 end segments). Group means were
compared using independent two-sample t-tests, creating
four matrices (CC vs SC participants, CB vs SC participants,
DC vs SC participants, CC vs CB participants) containing
the t-statistics of 16 tracts x 98 segments. Final statistical
inference was conducted at the cluster-level, rather than
the level of individual segments. Specifically, t-statistics
corresponding to significant group differences (p<0.05)
served as a cluster-forming threshold. Next, we relied on
permutations for the calculation of a cluster-size threshold.
Clusters exceeding this cluster-size threshold represented
significant group differences. Statistical inference at this
level was non-parametric (i.e., involving no distributional
assumptions), and corrected for multiple comparisons by
controlling the family-wise error rate. To be more precise,
a maximum-cluster-size null distribution was generated for
each metric (FA, MD, AD, RD) and group comparison using
10,000 permutations to calculate the maximal number of
consecutive segments within a tract that exceeded the clus-
ter-forming threshold (t-statistics corresponding to p <
0.05). The maximal cluster size at the 99.9th percentile of
these 16 null distributions was taken as the cluster size
threshold. Observed clusters exceeding this threshold were
considered to reflect significant group differences, with a
type 1 error rate of 0.001 or less.

While t-statistics primarily served to identify segments
above the cluster-forming threshold, their inherent infor-
mation regarding group differences was additionally uti-
lized. The sum of the t-statistics for all segments compris-
ing a cluster was taken as the cluster mass, in order to
quantify the magnitude of the differences within each clus-
ter. Additionally, in order to provide a metric of spatial
specificity, the location of the cluster was recorded as the
range of segments belonging to the cluster (numbered
along the tract in an upstream manner [e.g. 1 is the most
downstream segment]). Lastly, an average tract deviation
metric was calculated for visual and non-visual tracts, by
separately taking the sum of absolute values of all t-statis-
tics belonging to all supra-threshold clusters for each indi-
vidual tract, summing these values for all visual tracts, and
non-visual tracts respectively, then dividing by the number
of tracts (nine and seven, respectively). This metric served
two functions; first, summarizing the total magnitude of
differences between groups, such that higher values indi-
cated larger group differences, and second, providing an in-

dication of whether changes are global, or specific to visual
tracts.

ARTIFICIAL INTELLIGENCE USAGE

No generative Al tools were used at any stage of the pro-
duction of this manuscript.

RESULTS

GROUP COMPARISONS

Significant differences were found for all four group com-
parisons (CC vs SC, CB vs SC, DC vs SC, CC vs CB), almost
exclusively in visual tracts (Figure 1, Table 1). Below we re-
port the results of comparisons between CC and matched
SC participants, CB and matched SC participants, and CC
and CB individuals for the left and right optic radiation, the
splenium, the left and right IFOF, and the left and right ILF.
We additionally provide a descriptive overview of cluster lo-
cation, including spatial similarity across hemispheres and
comparisons. It should be noted, that DC individuals were
included as additional control group, for which results are
discussed in the supplement (see Supplementary Material
1.1 for further information, and results in Supplementary
Figure 1, Supplementary Table 4, and Supplementary Ma-
terial 1.2).

OPTIC RADIATION

Compared to SC subjects, CB individuals exhibited signifi-
cantly decreased FA and increased MD, RD and AD (Figure
2B, Table 2). While no significant difference was observed
for FA, measures of diffusivity were increased in CC com-
pared to SC individuals as well (Figure 2A, Table 2), al-
though differences were less spatially extensive (MD and
RD). Comparing CC to CB participants directly revealed that
FA was higher for CC individuals, while MD, RD and AD
were lower (Figure 2C, Table 2). These differences mostly
existed bilaterally, and many clusters appeared to show
some degree of spatial overlap across hemispheres. Fur-
thermore, some level of spatial similarity was visible across
comparisons, such that some significant CC vs SC clusters
for MD and RD were significant for CB vs SC too. Additional
CB vs SC clusters showed spatial overlap with CC vs CB
clusters, in regions where no significant differences were
observed for the CC vs SC comparison (mostly near the oc-
cipital terminals of the tract). In contrast, there was very
little apparent overlap between CC vs SC and CC vs CB com-
parisons.

SPLENIUM

In CB individuals, FA and AD were significantly decreased
compared to SC participants, while MD and RD were signif-
icantly increased (Figure 3B, Table 3). Similarly, differences
in all metrics were evidenced for CC compared to SC indi-
viduals, but with AD being increased rather than decreased
(Figure 3A, Table 3). Direct CC to CB group comparisons re-
vealed only one small cluster of higher FA for CC individ-
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Figure 1. Overview of significant differences between groups.
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Each subplot shows significant differences in fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AD) (labeled at the bottom). Each column
represents a specific tract, for which 98 segments are displayed in rows, with downstream locations at the top. As indicated in the tract legend, tracts are organized from left to right
as follows: Left Optic Radiation, Right Optic Radiation, Splenium, Left Inferior Fronto-Occipital Fasciculus, Right Inferior Fronto-Occipital Fasciculus, Left Inferior Longitudinal Fas-
ciculus, Right Inferior Longitudinal Fasciculus, Left Superior Longitudinal Fasciculus, Right Superior Longitudinal Fasciculus, Genu, Left Corticospinal Tract, Right Corticospinal
Tract, Left Cingulum, Right Cingulum, Left Uncinate Fasciculus, and Right Uncinate Fasciculus. The vertical black line indicates the separation of vision-related tracts (left) from
non-visual control tracts (right). Clusters (p < 0.001) are colored according to the direction of the difference, with relative shading reflecting the magnitude of difference at the seg-
ment level. For example, in A), congenital cataract reversal individuals vs matched sighted controls, green clusters indicate that the respective tensor metric is significantly greater
for the congenital cataract reversal group than for normally sighted controls, while red clusters indicate the opposite. Additionally, clusters containing darker shades indicate larger
group differences. This theme accordingly applies to B), permanently congenitally blind individuals vs matched sighted controls, and C), congenital cataract reversal individuals vs

permanently congenitally blind individuals.

Table 1. Average tract deviations of visual and non-visual tracts for each comparison and metric.

CCvsSC CBvsSC CCvsCB
Metric Visual Non-visual Visual Non-visual Visual Non-visual
FA 4.44 4.31 95.72 11.68 2421 8.59
MD 22.45 224 61.92 1.36 16.55 2.86
RD 17.88 0 109.05 2.80 19.83 7.08
AD 21.70 8.49 5.88 773 9.23 7.55

Note. Average tract deviation is the sum of all t-statistics belonging to supra-threshold clusters (corrected for multiple comparisons) within a single tract, averaged separately for all
visual, and all non-visual tracts. These scores are reported for each group comparison and tensor metric. Relatively larger values indicate that, on average, tracts showed a greater de-
gree of differences between groups. As such, this table provides information regarding the specificity of differences to visual tracts, as well as the overall magnitude of differences for
different metrics and comparisons. CC - congenital cataract reversal individuals; CB — Permanently congenitally blind individuals; SC — Normally sighted control individuals; FA —

Fractional anisotropy; MD — Mean diffusivity; RD — Radial diffusivity; AD - Axial diffusivity.

uals in the right hemispheric portion of the tract (Figure
3C, Table 3). Bilaterality can be partially observed, primar-
ily in CC vs SC comparisons, with clusters in MD, RD and
AD showing some degree of spatial similarity across hemi-
spheres. Three significant clusters in CC vs SC comparisons
for FA, MD and RD appeared to overlap with clusters in CB
vs SC comparisons.

INFERIOR FRONTO-OCCIPITAL FASCICULUS

Compared with SC, CB individuals had decreased FA, and
increased MD and RD (Figures 4B & 5B, Table 4), while CC
subjects had increased MD, RD and AD (Figures 4A & 5A,
Table 4). These differences mostly presented bilaterally and
appeared to exhibit spatial similarity across hemispheres.

Comparing CC and CB groups, CC individuals had signifi-
cantly higher FA, lower MD and RD in the right hemisphere,
but no differences in AD (Figures 4C & 5C, Table 4). Clus-
ters found in CC vs SC and CC vs CB comparisons seemed
to have overlap with clusters seen in CB vs SC comparisons,
but not with each other.

INFERIOR LONGITUDINAL FASCICULUS

The CB group showed decreased FA, and increased MD and
RD compared to the SC group (Figure 6B & 7B, Table 5).
Similar patterns were observed, as well as lower AD, when
comparing CB to CC individuals (Figure 6C & 7C, Table 5).
Most of these differences existed bilaterally and displayed
spatial similarity across hemispheres. In contrast, CC indi-
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Figure 2. Group differences in FA, MD, RD and AD within
the left and right optic radiations.

The transposed segmentations (shown for an SC participant) of the left and right optic
radiation are colored according to the spatial location along the tract of clusters of sig-
nificant differences between A) CC and SC individuals, B) CB and SC individuals, and C)
CC and CB individuals. Segments colored green indicate that the metric is higher in the
first group than the second, while red segments specify the opposite. The shade of color
encodes the degree of difference, with light shades representing near-threshold t-statis-
tics (2.032; 2.145; 2.056), and darker shades reflecting larger t-statistics. CC — congenital
cataract reversal individuals; CB — Permanently congenitally blind individuals; SC —
Normally sighted control individuals; FA - Fractional anisotropy; MD - Mean diffusiv-
ity; RD - Radial diffusivity; AD — Axial diffusivity.
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Figure 3. Group differences in FA, MD, RD and AD within
the splenium.

The transposed segmentation (shown for an SC participant) of the splenium is colored
according to the spatial location of clusters of significant differences between A) CC and
SC individuals, B) CB and SC individuals, and C) CC and CB individuals. Segments col-
ored green indicate that the metric is higher in the first group than the second, while red
segments specify the opposite. The shade of color encodes the degree of difference, with
light shades representing near-threshold t-statistics (2.032; 2.145; 2.056), and darker
shades reflecting larger t-statistics. CC — congenital cataract reversal individuals; CB —
Permanently congenitally blind individuals; SC — Normally sighted control individuals;
FA - Fractional anisotropy; MD - Mean diffusivity; RD - Radial diffusivity; AD - Axial
diffusivity.

Table 2. Cluster masses and segment ranges for the left and right optic radiation, by group comparison, hemisphere, and

metric.
Optic Radiation
CCvsSC CBvsSC CCvsCB
Metric Left Right Left Right Left Right
39.84[1-11]
29.4[19-28] 142.23[1-35] 23.87[20-28] )
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21.49(72-77] 24.31[89-97] 8.74[94-97] ’
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87.02[1-24]
26.11[42-53] 8.37[64-67] 43.37[1-13]
MD ) R ) 30.15[51-62] 42.36[1-14] 47.15[3-17]
25.68[58-68] 8.77[69-72] 20.62[71-77] 28.93[69-77]
50.82[1-14]
10.84 [50-54]
13.13[48-53] ) 50.32[21-40] 123.95[1-34] ) )
RD 13.49[62-67] gig %gg?;} 46.8 [44-61] 117.95[40-76] 4251[1-15] 45.65(3-18]
’ 26.31[71-77]
22.11[40-49] i ) ) 21.71[3-9]
AD 23.9[60-68] 12.62[41-46] 22.8[3-10] 15.59[1-6] 8.78[39-42]

Note. Each entry refers to a cluster of significantly different segments found in the left or right optic radiation, organized by group comparison, hemisphere and tensor metric. Multi-
ple entries refer to multiple clusters. Clusters are reported as ‘cluster mass [segment range]’. CC — congenital cataract reversal individuals; CB — Permanently congenitally blind indi-
viduals; SC - Normally sighted control individuals; FA - Fractional anisotropy; MD — Mean diffusivity; RD — Radial diffusivity; AD - Axial diffusivity.
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Table 3. Cluster masses and segment ranges for the splenium, by group comparison and metric.

Splenium
Metric CCvsSC CBvsSC CCvsCB
R 50.36[1-18] )

FA 9.58([76-79] 95.47 [76-98] 10.58 [87-91]
MD 30.25[11-22] 15.5[1-6]

8.95([76-79] 19.86[10-17]
RD 21.37[13-21] 52.92[1-18]

9.64[76-79] 19.3[93-98]

38.19[8-22] )
AD 8.53[87-90] 13.24[94-98]

Note. Each entry refers to a cluster of significantly different segments found in the splenium, organized by group comparison and tensor metric. Multiple entries refer to multiple
clusters. Clusters are reported as ‘cluster mass [segment range]’. CC — congenital cataract reversal individuals; CB - Permanently congenitally blind individuals; SC — Normally
sighted control individuals; FA - Fractional anisotropy; MD — Mean diffusivity; RD — Radial diffusivity; AD - Axial diffusivity.

Left Inferior Fronto-Occipital Fasciculus
(A) CC-SC (B)CB-SC (C)CC-cCB

A Sagsl Ba s B ;5

Statistic
> 4.00

o Bl Bael B

Threshold

- Threshold

R0 Eagvl HEagry e

AD &‘\3 Bl Ba sl

Figure 4. Group differences in FA, MD, RD and AD within
the left inferior fronto-occipital fasciculus.

The transposed segmentation (shown for an SC participant) of the left inferior fronto-
occipital fasciculus is colored according to the spatial location of clusters of significant
differences between A) CC and SC individuals, B) CB and SC individuals, and C) CC and
CB individuals. Segments colored green indicate that the metric is higher in the first
group than the second, while red segments specify the opposite. The shade of color en-
codes the degree of difference, with light shades representing near-threshold t-statistics
(2.032; 2.145; 2.056), and darker shades reflecting larger t-statistics. CC — congenital
cataract reversal individuals; CB — Permanently congenitally blind individuals; SC —
Normally sighted control individuals; FA — Fractional anisotropy; MD - Mean diffusiv-
ity; RD - Radial diffusivity; AD — Axial diffusivity.

viduals exhibited very few differences compared to SC sub-
jects; AD in the left hemisphere was higher (Figure 6A,
Table 5), while FA in the right hemisphere was decreased
(Figure 7A, Table 5). The latter of these differences showed
overlap with clusters in the corresponding CB vs SC com-
parison of FA, while nearly all clusters in CC vs CB compar-

Right Inferior Fronto-Occipital Fasciculus

(A) CC-SC (B)CB-SC (C)CC-CB

Statistic
> 4.00

Threshold

- Threshold

Figure 5. Group differences in FA, MD, RD and AD within
the right inferior fronto-occipital fasciculus.

The transposed segmentation (shown for an SC participant) of the right inferior fronto-
occipital fasciculus is colored according to the spatial location of clusters of significant
differences between A) CC and SC individuals, B) CB and SC individuals, and C) CC and
CB individuals. Segments colored green indicate that the metric is higher in the first
group than the second, while red segments specify the opposite. The shade of color en-
codes the degree of difference, with light shades representing near-threshold t-statistics
(2.032; 2.145; 2.056), and darker shades reflecting larger t-statistics. CC - congenital
cataract reversal individuals; CB — Permanently congenitally blind individuals; SC —
Normally sighted control individuals; FA — Fractional anisotropy; MD - Mean diffusiv-
ity; RD - Radial diffusivity; AD — Axial diffusivity.

isons appeared to have spatial overlap with CB vs SC clus-
ters.

CORRELATIONS WITH BEHAVIOUR AND DEMOGRAPHICS

An exploratory analysis was performed to test whether
mean metric values in the visual tracts of CC individuals
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Table 4. Cluster masses and segment ranges for the left and right inferior fronto-occipital fasciculi, by group comparison,

hemisphere, and metric.

Inferior Fronto-Occipital Fasciculus
CCvsSC CBvsSC CCvsCB
Metric Left Right Left Right Left Right
17.86[59-65] )
FA 33.93[86-97] 37.76[72-81] 10.75[89-92] 12242‘ gggg}
62.53[86-98] ’
R 9.12[59-62]
MD 1259313[[6802-782] 49[55-72] 57.69[75-93] 22.45[77-85] 15.76[95-98]
’ 31.67[89-98]
23.9[62-71] : 13.16[61-65] 27.52[58-66] )
RD 13.39[83-88] 38.13[59-72] 80.84(75-97] 93.92(75-98] 18.72[94-98]
15.38[63-69] )
AD 15.38 [75-80] 36.5[54-68]

Note. Each entry refers to a cluster of significantly different segments found in the left or right optic inferior fronto-occipital fasciculus, organized by group comparison, hemisphere
and tensor metric. Multiple entries refer to multiple clusters. Clusters are reported as ‘cluster mass [segment range]’. CC — congenital cataract reversal individuals; CB — Permanently
congenitally blind individuals; SC — Normally sighted control individuals; FA - Fractional anisotropy; MD — Mean diffusivity; RD — Radial diffusivity; AD - Axial diffusivity.

Left Inferior Longitudinal Fasciculus

(B) CB - SC (C) CC-CB

(A) CC - SC

FA ”

[} ©°
{ / Sta;stic

> 4.00

7° -

Threshold

- Threshold

8 -

Figure 6. Group differences in FA, MD, RD and AD within
the left inferior longitudinal fasciculus.

The transposed segmentation (shown for an SC participant) of the left inferior longitudi-
nal fasciculus is colored according to the spatial location of clusters of significant differ-
ences between A) CC and SC individuals, B) CB and SC individuals, and C) CC and CB in-
dividuals. Segments colored green indicate that the metric is higher in the first group
than the second, while red segments specify the opposite. The shade of color encodes
the degree of difference, with light shades representing near-threshold t-statistics
(2.032; 2.145; 2.056), and darker shades reflecting larger t-statistics. CC — congenital
cataract reversal individuals; CB — Permanently congenitally blind individuals; SC —
Normally sighted control individuals; FA — Fractional anisotropy; MD - Mean diffusiv-
ity; RD - Radial diffusivity; AD — Axial diffusivity.

were correlated with visual acuity, age at surgery, or time
since surgery. For each metric, the mean of all 98 segments
of each tract was calculated and was then correlated (via

Right Inferior Longitudinal Fasciculus

(A) CC-SC (B)CB-SC (C)CC-CB

~ 1
Statistic
> 4.00

Threshold

- Threshold

Figure 7. Group differences in FA, MD, RD and AD within
the right inferior longitudinal fasciculus.

The transposed segmentation (shown for an SC participant) of the right inferior longitu-
dinal fasciculus is colored according to the spatial location of clusters of significant dif-
ferences between A) CC and SC individuals, B) CB and SC individuals, and C) CC and CB
individuals. Segments colored green indicate that the metric is higher in the first group
than the second, while red segments specify the opposite. The shade of color encodes
the degree of difference, with light shades representing near-threshold t-statistics
(2.032; 2.145; 2.056), and darker shades reflecting larger t-statistics. CC — congenital
cataract reversal individuals; CB — Permanently congenitally blind individuals; SC —
Normally sighted control individuals; FA — Fractional anisotropy; MD - Mean diffusiv-
ity; RD - Radial diffusivity; AD — Axial diffusivity.

Spearman’s rank correlations) to visual acuity, age at
surgery, and time since surgery, while correcting for the ef-
fect of age. Only one correlation was found to be signifi-
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Table 5. Cluster masses and segment ranges for the left and right inferior longitudinal fasciculi, by group comparison,

hemisphere, and metric.

Inferior Longitudinal Fasciculus
CCvsSC CBvsSC CCvsCB
Metric Left Right Left Right Left Right
8.47[80-83] 15.48[71-76] 80.49[61-84] } E
FA 13.33[90-95] 43.81[85-98] 41.97 [86-98] 20.81[69-77] 9-91[73-76]
26.1[43-53]
MD 96.92[70-98] 23.87[74-82] 24.64[91-98] 19.06[94-98]
44.01[87-98]
. 36.43[43-54] 15.99[69-75] 13.87[49-53]
RD 11071[70-98] | 1305[60-98] | 27.04[90-98] | 14.64[94-98]
14.22[63-67] )
AD 8.5[70-73] 37.03[23-36]

Note. Each entry refers to a cluster of significantly different segments found in the left or right inferior longitudinal fasciculus, organized by group comparison, hemisphere and ten-
sor metric. Multiple entries refer to multiple clusters. Clusters are reported as ‘cluster mass [segment range]’. CC — congenital cataract reversal individuals; CB — Permanently con-
genitally blind individuals; SC — Normally sighted control individuals; FA - Fractional anisotropy; MD — Mean diffusivity; RD — Radial diffusivity; AD - Axial diffusivity.

cant (AD values in the left SLF were significantly negatively
correlated with time since surgery (p=0.037)), which did
not survive multiple comparisons (FDR) correction (Spear-
man’s rho values are reported in Supplementary Tables 5,
6 and 7). Additionally, to test whether increased granular-
ity would reveal significant effects, correlation analyses for
each of the 98 segments of all visual tracts were performed.
After FDR correction for multiple comparisons, time since
surgery was significantly negatively correlated with RD in
two segments of the right optic radiation, as well as MD, RD
and AD for a few segments of the superior longitudinal fas-
ciculi (see Supplementary Figures 3 & 6).

SUMMARY

Overall, group differences in DTI metrics were almost ex-
clusively found in visual tracts. When these differences ex-
isted bilaterally, they displayed spatial similarity across
hemispheres. Compared to SC, CC individuals seemed to
have increased MD, RD and AD in most visual tracts, but
few differences in FA. Conversely, CB individuals featured
extensively decreased FA relative to SC subjects, as well as
increased MD and RD. Furthermore, these differences were
relatively greater than those of CC vs SC participants, as ev-
idenced by larger cluster masses. Accordingly, a direct com-
parison between CC and CB individuals indicated signifi-
cantly increased FA, and significantly decreased MD and RD
in the CC group. Moreover, group differences between CC
and SC individuals appeared to have considerable spatial
overlap with the ‘large’ clusters seen in CB vs SC compar-
isons, particularly near the occipital terminals of tracts.

DISCUSSION

Congenital blindness has been demonstrated to be asso-
ciated with white matter microstructure alterations in vi-
sual tracts.1l Yet, it was unknown whether these changes
are permanent or would recover if sight was restored. To
test for white matter changes as a consequence of sight
restoration after congenital blindness, we acquired diffu-

sion tensor image scans in congenitally blind individuals
with restored sight due to cataract reversal surgery, perma-
nently congenitally blind individuals, individuals with re-
versed developmental (late-onset childhood) cataracts, and
age- and sex-matched normally sighted controls.

Results replicated previous findings in permanently con-
genitally blind individuals (CB group in the present study),
who showed considerable degradation of white matter mi-
crostructure in visual tracts relative to SC subjects.10:11:42,
43,47 CC individuals exhibited some impairments in white
matter microstructure as well, despite having undergone
sight-restoring surgery. However, DTI metrics in the CC
group additionally suggested a considerable degree of re-
covery compared to CB individuals.

CONGENITAL BLINDNESS AND WHITE MATTER
IMPAIRMENT

Overall, DTI metrics indicated that white matter is impaired
in CB relative to SC subjects. The presentation of increased
MD points towards an overall increase in diffusivity within
visual tracts. The concurrent finding of increased RD, with
less support for widespread changes in AD, suggests that
the increase in overall diffusivity is likely driven by a lower
degree of myelination.33-34 This is supported by the addi-
tionally observed decrease in FA, which indicates a decline
in the ability of a tract to constrain diffusion to the pri-
mary direction. While no study to date has histologically
assessed myelination in a permanently congenitally blind
human population, some neuroimaging studies have spec-
ulated that there may be lower myelination in visual cortex
in this population.25,59,60

In the present study, differences in DTI metrics were ob-
served for the optic radiation, splenium, IFOF and ILF, but
not the SLF. While the literature on permanent congenital
blindness is widely varied, a large number of our findings
are in line with results from previous studies. Many of these
previous studies have demonstrated degradation of the op-
tic radiation via decreased FA, increased MD or RD,10.36-40,
42-45 reinforcing the widespread bilateral changes reported
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in the present study. In the IFOF and ILF, support from
the literature is less extensive, but still present; some stud-
ies have found decreased FA in the IFOF and ILF, but not
the SLF,394347 reinforcing the current results, including
the null finding in the SLF. For the splenium, some studies
are consistent with the present finding of alterations,3%45
while others did not observe differences between CB and SC
individuals.43.46

PERSISTING WHITE MATTER IMPAIRMENT IN
CONGENITAL CATARACT REVERSAL INDIVIDUALS

Importantly, while some differences seen in CC individuals
relative to SC individuals mirrored those observed between
CB and SC participants (although to a much lower extent),
we observed qualitative differences as well. Similar to CB
participants, the observed increase in MD indicates that
there was an elevated level of overall diffusivity within vi-
sual tracts of CC individuals compared to the SC group.
However, elevated MD was accompanied by increases in
both RD and AD for the CC group, suggesting that differ-
ences were not due to a single mechanism. The absence
of extensive changes in FA for CC individuals supports the
idea that the overall shape of the diffusion tensor was un-
changed, supported by the coinciding increase in RD and
AD.

While higher RD intuitively suggests a lower degree of
myelination, 3334 AD is typically thought of as an indicator
of axonal integrity.3435 Non-human animal work has re-
ported that sensory deprivation induced changes in myelin
were not accompanied by changes to the axons, which re-
mained intact.6! Although our data do not allow us to draw
final conclusions about the underlying mechanisms behind
higher AD in the CC group compared to the SC group, given
that lower AD has previously been associated with axonal
pruning,®% we speculate that the present results may be due
to reduced axonal pruning during early development or the
initiation of axonal growth after sight restoration.

Given that only one previous study?3 has explored white
matter microstructure in congenital cataract reversal indi-
viduals, it seems crucial to compare both studies’ results
where possible; Pedersini et al.48 explored mean FA and
MD, but not RD and AD in CC individuals. In CC vs SC com-
parisons, our findings of increased MD and relatively un-
changed FA are consistent with the cross-sectional findings
of Pedersini et al.#8 However, while we found group dif-
ferences in MD to be relatively limited to the optic radi-
ation, splenium and IFOF, these authors reported a main
effect of group on MD for all tracts, including the non-vi-
sual tracts. This surprising finding from Pedersini et al.#8
might be related to the absence of their own control group;
these authors did not scan controls, but rather extracted
control data from the Human Connectome Project - Devel-
opment sample, which involved different acquisition para-
meters and did not include subjects from the same country
(India).

WHITE MATTER RECOVERY AFTER SIGHT RESTORATION
IN CONGENITAL CATARACT REVERSAL INDIVIDUALS

Compared directly to CB subjects, increased FA and de-
creased MD and RD seem to point towards some degree of
recovery in CC individuals. Higher FA values indicate that
tracts are better able to constrain diffusion to the longi-
tudinal axis. However, the reduction in overall diffusivity
as suggested by lower MD in CC individuals would indicate
that group differences in FA are not purely driven by an in-
crease in diffusion along this axis, but rather a reduction in
the amount of diffusion in other axes as well. This hypothe-
sis is supported by the concurrent observation of decreased
RD. Overall, this pattern of results for the comparison of
CC and CB participants would suggest that white matter
recovery after sight restoration is largely driven by an in-
crease in myelination3334 of visual tracts, consistent with
activity regulated mechanisms of myelin plasticity avail-
able throughout life.63

Remarkably, lower MD, RD and AD values were consis-
tent across hemispheres in CC compared to CB individu-
als in segments where the optic radiation connects with the
primary visual cortex. In contrast, no differences between
the CC and SC group were observed here. These results sug-
gest considerable recovery of thalamo-cortical connectivity
in CC individuals. Pedersini et al.#® were unable to iden-
tify any longitudinal changes in the optic radiation, possi-
bly due to using average values across the complete tract.

The pattern of results observed in the comparison be-
tween CC vs CB individuals for the optic radiations was also
observed for the IFOF and ILF, but not for the splenium
or SLF, which is in partial agreement with the longitudinal
findings of Pedersini et al.48 Specifically, while these au-
thors found longitudinal increases in FA for the ILF and
IFOF, they additionally observed differences in the SLF and
reductions in MD of the splenium, which we did not find
when comparing CC individuals to the CB group.

Our findings in the ILF are not only consistent with
those of Pedersini et al.48 but are quite compelling in their
own right. While we found large bilateral group differences
for FA, MD and RD between CB and SC subjects, which was
consistent with previous studies, 10394347 in CC vs SC com-
parisons only FA was reduced in the right ILF and only AD
was increased in the left ILF. The ILF is the major white
matter tract of the ventral visual stream. A recent fMRI
study has identified an impressive recovery of visual cat-
egorical representations in CC individuals’ in the ventral
occipito-temporal cortex®* compatible with the extensive
white matter recovery suggested by the CC vs CB compari-
son of the present study. Consistent with electrophysiologi-
cal results,18:65 Raczy et al.®* have reported largely reduced
face selectivity in CC individuals but largely unchanged
selectivity for scenes. Face processing typically features a
right hemispheric dominance. Thus, the lower recovery of
FA in the right ILF might mirror the functional changes and
observed impairments in face processing in CC individuals,
while the larger pattern of ILF recovery is consistent with
the high recovery of object recognition.17.19,66
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DTI METRICS DO NOT CORRELATE WITH VARIABLES OF
INTEREST

Mean metric values did not correlate with age at surgery,
time since surgery, or post-surgery visual acuity for any
of the visual tracts explored here. While follow-up along-
the-tract correlations revealed that diffusion metrics were
significantly negatively correlated with time since surgery,
this was only the case for a few segments of the optic ra-
diation and SLF. We report these results in the supple-
ment and plot the relationship between diffusion metrics
and variables of interest along those tracts in Supplemen-
tary Figures 2-7. However, given the lack of a broader and
consistent pattern of results, we refrain from further inter-
pretation.

SPATIAL DISTRIBUTION OF GROUP DIFFERENCES
INDICATES SOME SPECIFICITY

As a particular strength of the along-the-tract approach,
our results showed an impressive pattern of spatial speci-
ficity. In the comparison between CB vs SC individuals,
while significant clusters can be found throughout the
tract, they are very prominently located at or near the oc-
cipital terminals of all tracts. Crucially, most significant
group differences between CC and CB individuals were also
found near the occipital terminals, and thus overlapped
with differences between CB and SC individuals. In con-
trast, while CC vs SC clusters did not appear in occipital ar-
eas for any tract, they did overlap with a subset of CB vs SC
clusters in other locations. These results might suggest a
high capacity for recovery at the occipital terminals of sev-
eral visual tracts, as well as persisting impairments related
to temporary congenital blindness.

EXPERIENCE-DEPENDENT MYELINATION ACCOUNTS
FOR BOTH IMPAIRMENT AND RECOVERY

Traditionally, myelin has been considered to be a rather
static structure, that follows strict developmental trajec-
tories and remains stable throughout the lifespan.6” Prior
studies have defined typical developmental trajectories for
various regions of the brain, suggesting that myelination
begins in the cerebellum, pons and internal capsule, then
spreads to the splenium and optic radiation (3-4 months),
the occipital and parietal cortices (4-6 months), and tem-
poral and frontal cortices (6-8 months).%8 In the optic tract,
myelin can be seen (ex vivo) at term, and increases con-
siderably in the first two years of life, then slower after-
wards.®9 More recent studies have uncovered extraordinary
adult myelin plasticity, providing an increasing amount of
support for activity-dependent, and thereby experience-de-
pendent, myelination.#467.70,71 Neural activity is not
strictly necessary for myelination to emerge in the first
place during development.®” However, studies have indi-
cated that neuron activity can have a vast impact on myeli-
nation.”2-74 In fact, it has been demonstrated that neurons
synapse onto oligodendrocyte precursor cells,”® thus illus-
trating a mechanism through which neuronal activity can
directly modulate myelination. In addition to de novo

myelination of ‘naked’ axons,’® or the retraction of existing
sheaths, myelin can additionally be remodelled through
mechanisms that modulate myelin sheath length, myelin
thickness, and the nodes of Ranvier.6377-79

If mechanisms of myelin plasticity, like de novo myeli-
nation or myelin remodelling,%376-79 are dependent on ac-
tivity,72-75 the present results might reflect genuine myelin
plasticity as a consequence of sight restoration. Accord-
ingly, widespread impairment of FA, MD and especially
RD33:34 in CB individuals is consistent with altered myeli-
nation due to a lack of visual experience. Furthermore,
studies have suggested that differences between mecha-
nisms of developmental myelination and later white matter
plasticity exist.67-80 Thus, we speculate that the extensive
recovery we found (compared to the CB group) might be
due to mechanisms of later myelin plasticity, whereas the
persisting impairments we observed in the CC group (com-
pared to the SC group) may indicate that later myelin plas-
ticity partially builds on early white matter development.
While myelination can considerably increase neuronal ef-
ficiency,8! there is a metabolic cost of development and
maintenance. As such, a cost-efficient approach would not
include indiscriminate myelination of all axons, but could
instead partially rely on activity to determine the most
important connections to myelinate, or which sheaths to
maintain or improve over the complete life span.

Although we consider myelination to be the main factor
driving our results, alternative explanations must be con-
sidered. For instance, differences in extracellular space re-
lated to changes in axonal density could impact diffusion
metrics, although such a case would likely result in exten-
sive changes to AD,82 which were not observed. Another al-
ternative mechanism relates to fiber coherence via the rel-
ative presence of ‘crossing fibers’.83 It is possible that the
introduction of patterned visual activity may lead to the se-
lective refinement or elimination of crossing fibers. Such
a scenario would be reflected by increased FA and reduced
MD and RD for CC vs CB subjects, which was observed in
the present study. However, simulations of diffusion ten-
sor modelling in complex fiber architecture (including more
than one fiber orientation) have indicated that crossing
fibers additionally influence AD,34 for which we did not find
extensive differences.

LIMITATIONS AND FUTURE DIRECTIONS

Our study has a number of limitations to consider. While
our sample was quite large considering the exceeding rarity
of the CC population, sample size is almost always a lim-
itation in research with rare clinical populations. Increas-
ing our sample of CC individuals would allow us to detect
smaller effects. The CB group was tested to approximate
the white matter status of pre-surgery CC participants.
While CB participants were all born blind due to peripheral
reasons, the causes of blindness were different from those
of the CC group and two CB participants were, unlike in-
dividuals with dense bilateral cataracts, unable to perceive
light (see Supplementary Table 2). Although longitudinal
studies with pre- and post-surgery assessments, such as
Pedersini et al.#8 allow a more direct tracking of white mat-
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ter plasticity following sight restoration, future longitudi-
nal studies should additionally include a suitable sighted
control group in order to fully assess impairment and re-
covery in white matter microstructure. Additionally, in the
present study CC vs CB comparisons did not include precise
age- and sex-matching, but the age distributions were rela-
tively similar in both groups. Importantly, significant clus-
ters of the CC vs CB comparison exhibited remarkable over-
lap with those of impairment in the CB vs SC comparison,
and group differences were specific to visual tracts (as op-
posed to the more global changes that would be expected if
results were driven by age differences, which would affect
non-visual tracts as well). Moreover, CB vs SC results were
qualitatively similar to those of a comparison between CB
individuals and normally sighted controls that were origi-
nally matched to the CC group (Supplementary Figure 1).
Therefore, we are confident that CC vs CB results are largely
reflective of recovery due to sight restoration.

Next, while we used a 1.5T scanner, access to a more ad-
vanced scanner with higher field strength might have come
with increased sensitivity to detect group differences. Yet,
as our CB vs SC comparison replicated many of the find-
ings in the literature,!! we consider it unlikely that using
a more advanced scanner would have led to qualitatively
different results. Lastly, the neurobiological interpretations
of the present data rely on biomarkers that are not fully
specific. While RD and AD are closely related to myelin33:
34 and axonal integrity3435 respectively, they can be in-
fluenced by other factors as well. Thus, nailing down the
precise mechanisms underlying the observed white matter
changes is not possible with DTI data .32:63

Although the optic tract was not included in the present
study due to the need for alternative methodology, explor-
ing potential impairments and/or recovery in this tract
seems to be a valuable future goal of any longitudinal as-
sessments in CC individuals.

CONCLUSION

Ultimately, using a granular along-the-tract approach, we
replicated the extensive differences between permanently
congenitally blind and sighted control participants in the
main visual tracts. Additionally, we found some persisting
differences between normally sighted controls and congen-
ital cataract reversal individuals, supporting the idea of a
sensitive period for white matter microstructure in early vi-
sual development. However, differences between congenital
cataract reversal individuals and permanently congenitally
blind individuals, as well as fewer differences compared to
normally sighted controls (which were highly significant
for the permanently congenitally blind group) suggest that
there is extensive recovery in white matter microstructure.
We speculate that the main factors driving our results are
related to mechanisms of myelin development and plastic-
ity, which is consistent with the idea that life-long myelin
plasticity (see as well Pedersini et al.)48 may be higher than

neuronal structural plasticity (measured via metrics of cor-
tical morphometry?25.27,28),
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