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The visual system develops abnormally when visual input is absent or degraded during
a critical period early in life. Restoration of the visual input later in life is generally
thought to have limited benefit because the visual system will lack sufficient plasticity
to adapt to and utilize the information from the eyes. Recent evidence, however,
shows that congenitally blind adolescents can recover both low-level and higher-level
visual function following surgery. In this study, we assessed behavioral performance
in both a visual acuity and a face perception task alongside longitudinal structural
white matter changes in terms of fractional anisotropy (FA) and mean diffusivity
(MD). We studied congenitally blind patients with dense bilateral cataracts, who
received cataract surgery at different stages of adolescence. Our goal was to differen-
tiate between age- and surgery-related changes in both behavioral performance and
structural measures to identify neural correlates which might contribute to recovery
of visual function. We observed surgery-related long-term increases of structural
integrity of late-visual pathways connecting the occipital regions with ipsilateral
fronto-parieto-temporal regions or homotopic contralateral areas. Comparison to a
group of age-matched healthy participants indicated that these improvements went
beyond the expected changes in FA and MD based on maturation alone. Finally, we
found that the extent of behavioral improvement in face perception was mediated
by changes in structural integrity in late visual pathways. Our results suggest that
sufficient plasticity remains in adolescence to partially overcome abnormal visual
development and help localize the sites of neural change underlying sight recovery.
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Congenital cataracts are a major cause of treatable blindness in children worldwide (1).
While the prognosis for postoperative recovery of visual function is good in the developed
world where surgery typically occurs in infancy (2), poor access to healthcare in the
developing world means that many children grow up functionally blind (3-5). This dif-
ference in time in the access to treatment can cause a massive change in the recovery of
visual skills in those patients. Thanks to seminal work (6), we know that there is a sensitive
period early in life, during which the visual input is necessary for normal visual develop-
ment as it molds structure and function of the visual brain network. In more recent studies,
visual development has been described as characterized by multiple sensitive periods spe-
cific for different types of visual function [i.e., face perception (7)], during which the
effects of visual experience on brain plasticity are particularly strong and lead to a full
acquisition of normal function (8, 9). During sensitive periods, the development is char-
acterized by rapid acquisition of stimulus-driven environmental statistics, while learning
during adulthood is characterized by a larger top—down influence such as task relevance
(for a review, see ref. 10).

The existence of sensitive periods during which brain reorganization is likely to be more
pronounced has been confirmed by the cross-modal recruitment of the occipital cortex
in response to tactile or auditory stimuli not only in early-blind individuals, but also in
late-blind individuals (8, 11-14). This cross-modal plasticity can be explained following
either the metamodal conception of the brain (15) as composed of cortical regions that
have intrinsic functional roles but flexible modality preferences or the pluripotent con-
ception of the brain (16) as composed of cortical areas capable of assuming a heterogeneous
range of functional roles.

The existence of sensitive periods in the development of visual function would suggest
that providing surgical care for congenital cataracts in adolescence will have limited
impact after the sensitive period for visual development has closed around 5 to 7 y of
age (17), although the exact timing will change depending on the particular visual func-
tion under consideration. However, recent work on the clinical population under con-
sideration here has shown that surgery, even when provided in late childhood, can lead
to major improvements in perceptual abilities (18-20). Perceptual gains include
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improvements in low-level perceptual measures such as visual
acuity and contrast sensitivity as well as in higher-level visual
function such as face perception. As described by refs. 21 and 22,
different behavioral studies on multiple clinical populations show
considerable individual variability in the amount of visual acuity
improvement after cataract surgery.

These perceptual gains can be characterized as visual perceptual
learning, defined as the improvement in visual task performance
with practice or training (23). Perceptual learning produces gains
in visual performance in patients affected by cortical blindness
(24). The activation of spared regions of V1 (25) or the reorgan-
ization of subcortical pathways (26) can explain the improvement
of performance in visual tasks as a consequence of extensive visual
training. This residual developmental neuroplasticity retained by
the adult brain even after the closure of the sensitive periods can
explain the perceptual gains reported in blind individuals after
sight restoration (27-30).

Amblyopia is a neurodevelopmental visual disorder that arises
from abnormal visual experience (e.g., degraded or misaligned
visual image to one eye) during sensitive periods (31). Prior work
on this typical model of abnormal visual development suggests
that alternative networks of neural areas are recruited to support
visual perception by the amblyopic eye in the case of stereopsis
(32, 33) and motion integration (32, 33). The recruitment of a
different neural network is an example of residual neuroplasticity
of the amblyopic brain, even after the closure of a sensitive devel-
opmental period.

Neuroplasticity in the adult healthy brain has been assessed by
asking normally sighted observers to learn a complex visuomotor
task such as juggling (34) or to acquire expertise with novel classes
of visual objects (35). These results suggest that parts of the visual
system remain plastic even after the early sensitive period. While
the early visual cortex shows little change in these studies, extra-
striate visual areas exhibit structural and functional changes as
new skills are acquired. However, these studies rely on healthy
adults in whom early-visual pathways have developed normally,
leading to typical visual input to extrastriate areas. To overcome
this limitation, research on nonhuman primates (36) as well as
multiple electrophysiological and neuroimaging studies on
humans explored the different degree of recovery of the primary
visual cortex (V1) as opposed to extrastriate visual areas in sight
recovery subjects (37, 38). In summary, they observed that visual
areas that develop later and more slowly are more affected by a
lack of visual stimulation at birth than visual areas that mature
carlier and faster. That explained the higher dependence on visual
experience of cortical development in extrastriate than striate
regions (39-41).

In this study, we investigated the potential for long-term white
matter change in patients with congenital cataracts who acquire
patterned retinal input after removal of the lenticular opacity and
implantation of an artificial lens during adolescence. We assessed
behavioral performance in both visual acuity and face discrimi-
nation tasks and compared diffusion-derived white matter prop-
erties at multiple postoperative timepoints to preoperative
baselines in major white matter pathways of the human brain.
Since the age at intervention varied across patients, we were able
to determine the extent to which plasticity depended on the age
at onset of patterned vision. Additionally, we include healthy
age-matched normative data from the Human Connectome
Project—Developmental (HPCD) dataset (42) to evaluate the
impact of congenital blindness as well as cataract surgery on white
matter properties. Given the observed improvements in perceptual
performance in patients treated late for congenital blindness, we
hypothesized that the restored visual input improves behavioral
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performance in both low- and higher-level visual function and
can lead to long-term change in the structural properties of local
circuits in later stages of the visual hierarchy, even after closure of
the putative sensitive period.

Results

Assessing the Behavioral Impact of Cataract Surgery. We
longitudinally followed 19 cataract patients (6 female), aged 7
to 16 y (mean age of 11.22 + 2.85 y at the time of surgery) and
tracked behavioral measures during adolescence. The longitudinal
effects of time since surgery and age at measurement on visual
acuity performance were assessed using a linear mixed-effects
(LMEs) model (see the Methods section for details). Visual acuity
(Fig. 1 A and B) significantly improved following cataract surgery
(F(1,142) = 6.45, P=0.012). As in a previous report with either a
larger (18) or a smaller cohort (19, 20), we found no relationship
between visual acuity and patient age at measurement (F(1,142) =
0.28, P> 0.05). This result is not surprising when considering the
existence of a sensitive period in the development of visual acuity.
Moreover, visual acuity did not depend on the interaction between
time since surgery and patient age at behavioral measurement
(F(1,142) = 0, P> 0.05) (Fig. 1E).

The majority of improvement in visual acuity occurs in the first
few days after surgery and is best captured by a model expressing
the change in visual acuity as a function of log-transformed time
since surgery [BIC (Bayesian information criterion) = 33.91] than
linear time since surgery (BIC = 66.86). We note that although
we saw substantial improvements in acuity, with many patients
having no pattern vision prior to surgery, few patients achieved
acuity greater than 20/200 at any time after surgery. The majority
of patients therefore remain classified as legally blind after surgery
(18-20), even though these modest perceptual improvements lead
to major benefits in quality of life for these patients (43).

Visual acuity is a measure of perceptual function that depends
on the integrity of early parts of the visual system. To behaviorally
assess the integrity of later parts of the visual system, patients were
asked to perform a task in which they discriminated pictures of
faces from other nonface stimuli (see ref. (20) for details).
Preoperatively, the majority of patients performed near chance in
this task (d” ~ 0, Fig. 1 Cand D). Using the same LMEs model
applied to the visual acuity data above, we found that face dis-
crimination also significantly improved following cataract surgery
(F(1,75)=30.91, P<0.001). Similar to visual acuity, the majority
of improvement occurred shortly after surgery (Fig. 1D;
log-transformed model BIC:230.89, linear model BIC: 275.87).
We found no relationship between face discrimination and patient
age at measurement (F(1, 75) = 1.06, > 0.05). However, we did
find a significant interaction between patient age and time since
surgery (F(1, 75) = 5.61, P = 0.02). Inspection of the model
coeflicients reveals that surgery-related change in performance was
greater for patients who received surgery at a younger age. We
found similar results when excluding those patients who per-
formed above chance before surgery (P07/P08/P20). Indeed, in
this case, we found a significant effect of surgery (F(1, 61) =
31.803; P < 0.01) and a significant interaction between surgery
and age at measurement (F(1, 61) = 5.837; P = 0.018), while the
effect of age was not significant (F(1, 61) = 0.8; P = 0.37). Also
in this case, BICs revealed that log-transformed time since surgery
provided a better prediction of the observed data (log-transformed
model BIC:188.85, linear model BIC: 224.56).

To visualize the nature of this interaction, we derived the change
in face discrimination performance over time since surgery for
each patient using the polynomial curve fitting matlab function
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Fig.1. Summary of longitudinal performance in visual acuity and face discrimination tasks. Longitudinal logMAR visual acuities and face vs. nonface discrimination
(reported as d-prime), plotted against age at the time of measurement (A and C) and time since surgery on a logarithmic scale (B and D). Closed points mark
performance recorded more than 1 wk after surgery; open points mark performance recorded preoperatively and up to 7 d postoperatively. For all panels, each
color represents a single subject, with longitudinal time points connected by solid lines in panels A-D. In panels A and B, dashed lines indicate levels of relative
visual acuity (from bottom to top; light perception, hand movement, finger counting, 20/400, and 20/200). In panels C and D, dashed lines indicate relative task
performance (bottom line, chance performance; top line, maximum performance). Panels £ and F display derived rates of behavioral change over time since
surgery (delta d'/delta t) plotted against age at the time of surgery [(£) visual acuity data; (F) face perception data]. Dashed gray lines present the least-squares
regression fit to the data. * indicates a statistically significant interaction in the linear mixed-effect model (age at measurement * time since surgery; P < 0.05).
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(polyfit). We obtained one value of change over time for each
patient. Then, we plotted the derived data as a function of age at
surgery (Fig. 1F). The significance of this effect is derived from
the interaction effect of the model, taking into account the esti-
mates of each predictor in isolation. These results suggest that,
while there is no evidence that time of surgery affects the visual
acuity improvement for these patients, face discrimination
depends on a closing window of neural plasticity whereby surgery
at a later age reduces the behavioral improvement.

Evaluating White Matter Properties. To examine the link between
behavioral improvements in visual perception and underlying
neuroanatomical change, we examined white matter plasticity in
ten major pathways that span the visual processing hierarchy. We
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categorized these white matter tracts into early-visual, late-visual,
and non-visual pathways for the purposes of this study. Early-visual
pathways included the optic radiation (OR) and the optic tract
(OT). Late-visual pathways included the inferior fronto-occipital
fasciculus (IFOF), the superior longitudinal fasciculus (SLF), the
inferior longitudinal fasciculus (ILF), and the posterior callosum
forceps. The non-visual pathways included the cingulate cingulum
(CO), the cortico-spinal tract, the uncinate fasciculus, and the
anterior callosum forceps.

Fig. 2 illustrates tract profiles, as well as their change over time,
for one representative patient (P02). In supplementary material,
we show the mean and SE of tract profiles of patients and controls
(see Methods for a complete explanation of the procedure)

(SI Appendix, Fig. S2).
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Fig. 2. Patient white matter tract profiles—fractional anisotropy (FA) and mean diffusivity (MD) values. Tractography-generated white matter pathways are
grouped according to early-visual, late-visual, and non-visual pathways. (A) lllustration of the white matter pathways overlaid on a structural T1 slice in a
representative cataract patient (P02). Early-visual pathways: optic tract (OT) and optic radiation (OR). Late-visual pathways: posterior callosum forceps (CFMajor),
superior longitudinal fasciculus (SLF), inferior fronto-occipital fasciculus (IFOF), and inferior longitudinal fasciculus (ILF). Non-visual pathways: corticospinal tract
(CST), cingulum cingulate (CC), anterior callosum forceps (CFMinor), and uncinate fasciculus (UF). For late- and non-visual pathways, only left hemisphere pathways
are shown. (B and (), Plots of FA/MD values as a function of location along the tract at multiple points of assessment [days since surgery (DSS) post-intervention;
see legend] in a representative patient (P02). FA and MD values are plotted from anterior (Left) to posterior (Right).
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Identifying White Matter Change due to Typical Maturation.
In typical development, pathway density, organization, and
myelination change, and is reflected in decreased mean diffusivity
(MD) and increased fractional anisotropy (FA) (44—47). Thus,
our work here introduces a unique challenge because it involves
identifying white matter changes due specifically to sight
restoration above and beyond these typical maturational changes.
We estimated maturational structural change in our dataset in
terms of FA and MD measures in two ways. First, we considered
patients as controls of each other, taking into account the wide
age range included in our patient database, the range of ages at
surgery and the longitudinal collection of data. Advantages of
this patients-only method are the control of environmental and
socioeconomic factors within the patient population and reliance
on the same protocol sequence used to acquire data. Nevertheless,
a possible confound in this case is the “sleeper effect,” the fact that
visual deprivation during a specific period previous to ecither the
first manifestations of a functional ability (e.g., face perception)
or the development of structural measures can affect its later
development (48). To control for this potential confound, we
also conducted controls-included analyses that included a group of
80 age-matched controls in the analysis, which reflect the typical
development of structural measures in a healthy population. For
both methods of analysis (Mezhods), we found a medium or strong
correlation (r > 0.38; r > 0.39) between empirical and predicted
structural measures for each tract using a cross-validated leave-
one-out method.

In this section, we describe the age-related maturation effects
in our measures of white matter pathway integrity. In the
patients-only analysis, we identified significant maturation effects
in two late-visual pathways: the posterior callosum forceps
(F(1, 46) = 6.7232, P-value = 0.013, false discovery rate (FDR) =
0.0477) and the ILF (F(1, 46) = 11.217, P-value = 0.0016, FDR
= 0.0477) (SI Appendix, Table S1). In both tracts, the beta esti-
mates of the fixed effect were positive, showing an increase of FA
as a function of age.

In the controls-included analysis, we found significant changes
in MD related to typical maturation in all non-visual as well as in
three late-visual pathways (posterior callosum forceps, ILF, and
SLF). All the estimates of the age-related effect were negative, indi-
cating a decrease in MD with increasing age, and so an increase of
white matter integrity as a function of age. Regarding FA, we found
significant results mainly in late-visual pathways (posterior callosum
forceps, ILE, SLE, and IFOF), in one non-visual pathway (CC) and
in the OR. All the estimates in this case were positive, indicating
an increase of pathway integrity with increasing age, as expected
during adolescence (49, 50). When considering healthy controls,
we observed that the expected age-related development of diffusion
measures is represented by a decrease of MD and an increase of FA
as a function of age. The same trend can be observed in all patients.

Maturational trends for selected pathways are shown in Figs. 3-5
(top row). In each figure, the dashed red line represents the best linear
fit for the full model, such that the slope illustrates the fixed effect
of age at measurement in our sample (patients and controls). We
also plotted the observed and predicted values with their CI for each
subject, structural measure, and Diffusion Tensor Imaging (DTT)
session in ST Appendix, Fig. S4 to help visualize the goodness-of-fit
of our model.

Thus, merging together the MD and FA results, we observe a
significant maturational effect on all white matter pathways, except
for the OT where the trend followed the expected direction
(decrease of MD and increase of FA as a function of age), but the
magnitude of the changes might have been too small or variable
to reach significance. This effect reflects typical maturational

PNAS 2023 Vol.120 No.19 2207025120

changes in structural measures. Regardless of significance, we incor-
porated the estimated effects of age on white matter properties in
all subsequent analyses. A full summary of age-related effects on
white matter structure is provided in S Appendix, Tables S2-S4.

Identifying White Matter Change Following Sight Recovery.
Absence of plasticity in early-visual pathways. When measuring
white matter change in early-visual pathways using the patient-
only analysis, we did not find any significant effect but only a
general trend of structural integrity increasing as a function of
time since surgery [FA OT F(1, 46) = 5.56, P-value = 0.02, FDR
= 0.067; FA OR F(1, 46) = 3.2464, P-value = 0.078, FDR =
0.13; MD OT F(1, 46) = 2.94, P-value = 0.09, FDR = 0.28;
MD OR FE(1, 46) = 1.04, P-value = 0.31, FDR = 0.49]. In the
controls-included analysis, we found only a marginal significant
relationship between sight-recovering treatment and structural
plasticity in the OT, as measured by FA (F(1, 125) = 5.49,
P-value =0.021, FDR = 0.051). This trend indicates an increase of
FA as a function of time since surgery. This result is affected by the
specific value assigned to controls, as it disappears when assigning
a different value to the time since surgery of controls (value of 0;
see SI Appendix, Table S2 and a description in the ST Appendix,
Methods section). Moreover, the distribution of P-values shown
in SI Appendix, Fig. S5 clearly indicates that the percentage of
significant P-values is low (17.56%). In addition, results are far
from significant in the OR, when considering both FA and MD
[FAF(1, 125) = 2.87, P-value = 0.09, FDR = 0.14; MD F(1, 125)
= 0.16, P-value = 0.69, FDR = 0.81].

Opverall, the absence of surgery-related effects in these early visual

pathways is consistent with the notion that the sensitive period for
development of the early-visual system has closed, with little evi-
dence for reopening of the critical window despite the onset of visual
input. This result is confirmed by the significant difference (uncor-
rected p-values) between groups in early-visual pathways: The struc-
tural integrity of controls is greater than in patients, indicating that
the development of these tracts depends in part on visual experience
(SI Appendix, Tables S3 and S4). This trend was the same when
including all and reduced volumes of controls, with bigger
between-group differences when including all volumes (S7 Appendix,
Fig. S3). Results are shown in Fig. 3, Bottom Row.
Plasticity in late-visual pathways. In contrast to early visual
pathways, we found significant surgery-related effects in late-visual
pathways in both patients-only and controls-included analyses.
Specifically, treatment was associated with white matter structural
change, as measured by FA, in three of the four pathways: the
SLF [patients-only: F(1, 45)= 6.8164, P-value = 0.012, FDR =
0.0477; controls-included: F(1, 124) = 6.8288, P-value = 0.01,
FDR = 0.031], the ILF [patients-only: F(1, 46)=7.0342, P-value
= 0.011, FDR = 0.0477; controls-included: F(1, 124) = 7.65,
P-value = 0.007, FDR = 0.0262], and the IFOF [patients-only:
F(1, 45)= 6.9025, P-value = 0.012, FDR = 0.0477; controls-included:
E(1, 124) = 6.579, P-value = 0.012, FDR = 0.0329].

In addition, treatment was associated with white matter struc-
tural change, as measured by MD, in the posterior callosum
forceps [patients-only: F(1, 44)= 17.677, P-value < 0.001, FDR
=0.0038; controls-included: F(1, 122) = 14.763, P-value < 0.001,
FDR < 0.001]. The estimates of these tracts highlight an increase
of structural integrity (higher FA and lower MD) as a function of
time since surgery, indicating that the visual stimulus onset is
associated with an increase of structural integrity in interhemi-
spheric and intrahemispheric white matter pathways that connect
the occipital cortex with the ipsilateral frontal, parietal, and tem-
poral cortex as well as with contralateral occipital regions. Results
are shown in Fig. 4, Bortom Row. To show that these results do not
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Fig. 3. Maturational and longitudinal changes in early-visual white matter pathways. Maturational and longitudinal changes in fractional anisotropy for optic
tract and optic radiation are plotted as a function of age at measurement (Top Row) and time since surgery (Bottom Row). Each color represents a single patient,
with longitudinal time points connected by solid lines. Closed points mark DTI sessions acquired more than 1 wk after surgery; open points mark DTI sessions
acquired as maximum 7 d after surgery. Dots color-coded in light gray in the left plots represent controls. The dashed red line represents the best linear fit for
the LME model, such that the slope represents the beta of the fixed effects (age at measurement on the Top Row and time since surgery on the Bottom Row)
and the intercept represents the group intercept of the random effect. FDR values represent the corrected p-values of the specific fixed effect (age on the Top
Row; time since surgery on the Bottom Row) extracted from the LME model: Pathway MD/FA ~ Group + Log DaysSinceSurgery * Age at Measurement + (1 |Subject). In
the central row, we represent the specific white matter pathway that the results on the same row correspond to overlaid on an axial T1 slice in a representative

cataract patient (P02).

depend on the specific values assigned to the time since surgery
of controls, we check the distribution of P-values after assigning
random values to the time since surgery of controls, as described
in the Method section.

The results in ST Appendix, Fig. S5 show that for late-visual
pathways, the distribution of P-values is skewed toward zero, indi-
cating a higher probability of significant results when assigning
random values to the time since surgery of controls. These uncor-
rected p-values are significant also when assigning zero to the time
since surgery of controls but do not survive the FDR correction
for multiple comparison in ILF and SLE
Limited plasticity in non-visual pathways. When measuring white
matter change in non-visual pathways applying the patients-only
analysis, we did not find any significant effect of the treatment
after correcting for multiple comparisons (S Appendix, Table S1).

When we apply the controls-included analysis, we observed a
significant effect of time since surgery only in the MD of the
anterior callosum forceps (F(1, 125) = 9.7176, P-value = 0.002,
FDR = 0.0057), connecting the lateral and medial surfaces of
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frontal lobes. The results did not change when we assigned a value
of 0 to the logarithmic scale of time since surgery of patients
(SI Appendix, Table S2). When considering the histograms of
P-values distributions, we see that this non-visual pathway shows
a distribution of p-values skewed toward zero, confirming the
significance of the fixed effect (87 Appendix, Fig. S5). A full sum-
mary of surgery-related effects on white matter structure is pro-
vided in 87 Appendix, Tables S2-S4. Results are shown in Fig. 5,
Bottom Row.

Overall, our results show that the structural integrity of
late-visual pathways that connect the occipital cortex with ipsilateral
frontal/temporal/parietal regions or with homotopic regions in
the contralateral hemisphere is significantly affected by cataract
surgery with great improvement after visual restoration received
even after the putative closure of the sensitive period.

Impact of Age at Treatment on White Matter Plasticity. We

next asked whether the potential for white matter plasticity
may depend on the patient’s age at the time of treatment.
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Fig. 4. Maturational and longitudinal changes in late-visual white matter pathways. Maturational and longitudinal changes in fractional anisotropy for late-
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Such findings would support reductions in plasticity during
adolescence across the visual processing hierarchy. We found
such a relationship based on the interaction between age at
treatment and time since surgery in both patients-only and
controls-included analysis (see Fig. 6 for the results of the second
family or controls-included LME models). In early-visual
pathways, we found evidence for such an interaction in the OT
for FA [patients-only: F(1, 46)= 7.69, P-value = 0.008, FDR =
0.0477; controls-included: F(1, 125) = 7.07, P-value = 0.009,
FDR = 0.0303]. In late-visual pathways, we found evidence in
the ILF [patients-only: F(1, 46)= 8.97, P-value = 0.004, FDR
=0.0477; controls-included: F(1, 124) = 9.29, P-value = 0.003,
FDR = 0.014] and SLF [patients-only: F(1, 45)=7.48, P-value
=0.009, FDR = 0.0447; controls-included: F(1, 124) = 7.87,
P-value = 0.006, FDR = 0.026] for FA and in the posterior
callosum forceps for MD [patients-only: F(1, 44) = 12.1,
P-value = 0.001, FDR = 0.0172; controls-included: F(1, 125)
=4.03, P-value = 0.04, FDR = 0.014]. The negative estimates
of the predictors in the case of FA and the positive estimates in
the case of MD indicate that in these tracts, we observe higher
tract integrity after surgery depending on the age of patients:
Young patients show greater impact of treatment than older
patients. These significant effects indicate that interventions
early in adolescence, but past the traditional sensitive period,
resulted in greater structural change than interventions later
in adolescence.

Identifying the Effects of Surgery on Behavior Mediated by
White Matter Change. An important and still unanswered
question is whether the patient's behavioral visual improvements
following surgical intervention can be attributed more directly

PNAS 2023 Vol.120 No.19 2207025120

to structural changes in any specific white matter pathway. To
answer this, we conducted a mediation analysis that determined
whether the observed white matter change in any particular
pathway predicted the behavioral improvement and reduced
the indirect relationship between surgery and perceptual
improvement when evaluated concurrently. We first linearly
interpolated acuity and face perception measures to the day(s)
of diffusion MRI (dMRI) measurement given that behavioral
and dMRI measurements were not always collected on the same
day. We used the interpl matlab function to assign missing
behavioral measures to diffusion timepoints based on the
empirical data. We did not evaluate dMRI measurements in
cases where no behavioral measurements straddled the dMRI
data, so our analysis necessarily includes only a subset of all
behavioral and dMRI data collected and reported above (P08/19
were excluded from visual acuity; P08/09/19/21 were excluded
from face perception).

Then, we assessed the relationship between treatment, structural
measures, and interpolated behavioral performance by models that
included the specific predictor, the fixed effect of age at measure-
mentand their interaction. Significant results would highlight the
presence of a predictive effect of surgery over outcome, surgery
over structural measure changes, or structural changes over behav-
ioral outcome, while controlling for age. In this way, we could
select a subsample of tracts that showed a significant effect in all
these pairwise relations.

Time since surgery directly predicted interpolated performance
in the face discrimination task (beta = 1.71, F(1, 34) = 32.835,
P <0.001), while the result was not significant when considering
the interpolated performance in the visual acuity task (beta = -0.15,
F(1,42) = 1.67, P=0.203). The relationship between surgery and
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Fig. 5. Maturational and longitudinal changes in non-visual white matter pathways. Maturational and longitudinal changes in fractional anisotropy for non-visual
pathways are plotted as a function of age (Top Row) and time since surgery (Bottom Row). Each color represents a single patient, with longitudinal time points
connected by solid lines. Closed points mark DTl sessions acquired more than 1 wk after surgery; open points mark DTI sessions acquired as maximum 7 d after
surgery. Dots color-coded in light gray in the left plots represent controls. The dashed red line represents the best linear fit for the LME model, such that the slope
represents the beta of the fixed effects (age at measurement on the Top Row and time since surgery on the Bottom Row), and the intercept represents the group
intercept of the random effect. FDR values represent the corrected p-values of the specific fixed effect (age on the Top Row; time since surgery on the Bottom Row)
extracted from the LME model: Pathway MD/FA ~ Group + Log DaysSinceSurgery * Age at Measurement + (1| Subject). In the central row, we represent the specific white

matter pathway that the results on the same row correspond to, overlaid on a sagittal T1 slice in a representative cataract patient (P02). CST, cortico-spinal tract.

structural measures was previously assessed and resulted in an
increase of structural integrity as a function of surgery in late-visual
pathways, indicating that surgery predicted structural changes in
those tracts. Finally, we selected those tracts that predict the inter-
polated d-prime: the posterior callosum forceps [MD - beta =
-43.104, F(1, 32) = 6.46, P =0.016], IFOF [FA - beta = 114.99,
F(1, 33) = 12.02, P = 0.0015], and SLF [FA - beta = 85.593,
F(1, 33) =5.3271, P = 0.027].

On this subsample of late-visual tracts, we performed medi-
ation analysis using a three-variable path model (51, 52). When
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conducting the mediation analysis without controlling for the
interaction effect, we did not observe any significant mediation
effect but only significant connections between two of the three
variables included in the model. Instead, when controlling for the
interaction between predictor and mediator, we observed a signif-
icant modulation of the association between surgery and behav-
ioral outcome by means of structural changes in the posterior
callosum forceps (Fig. 7). The significant interaction effect, in
addition to the absence of a significant fixed effect of the mediator,
confirms that the MD of the posterior callosum forceps is acting
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Fig. 6. White matter plasticity varies with age at measurement. Age at measurement by time since surgery interaction effects (beta weights) plotted for early-
visual (blue), late-visual (green), and non-visual (orange) pathways for fractional anisotropy (Left) and mean diffusivity (Right). Pathways for which the interaction
effect passes multiple-comparisons correction (FDR < 0.05) are marked by *. OT, optic tract; OR, optic radiation; CFMajor, posterior callosum forceps; IFOF,
inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; CST, cortico-spinal tract; UF, uncinate fasciculus;
CFMinor, anterior callosum forceps.
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Fig. 7. Mediation analysis for visual acuity and face perception. Results
of the mediation analysis testing the relationship among surgery, mean
diffusivity of the posterior callosum forceps, and interpolated dprime in the
face discrimination task or interpolated logMAR for the visual acuity task after
controlling for the interaction effect. (A-C). Model with the path coefficients
(A for visual acuity; B for face perception) and the SEM in parentheses,
significant at *P = 0.01, **P = 0.005, **P = 0.001. (B-D). Histogram of
the bootstrapped distribution (1,000 repetitions) of the mediation effect
(a*b = c- ¢) for visual acuity (B) and face perception (D). The lighter gray
portion of the histogram denotes the 95% Cl for the effect.

as a moderator of the association between surgery and interpolated
behavioral outcome. The positive coefficient linking surgery to
d-prime, passing through structural changes, indicates that the
effect of treatment over outcome is positive (surgery leads to better
performance) and can be explained in part by the changes in struc-
tural integrity. As a confirmation of the modulatory effect, time
since surgery still impacted behavioral face discrimination perfor-
mance even after accounting for the white matter properties (direct
path ¢ still significant).

Opverall, our results indicate that cataract surgery in adolescence
leads to changes in white matter properties as well as improve-
ments in visual face perception. Importantly, some of the percep-
tual improvements in face perception, but not acuity, are directly
modulated by plasticity in white matter increase of structural
integrity of the posterior callosum forceps which connect the bilat-
eral occipital regions.

Discussion

In this study, we assessed behavioral and structural white matter
changes following late sight recovery in congenitally blind patients.
Patients experienced significant improvements in low-level vision.
Indeed, logMAR (logarithmic of the minimum angle of resolu-
tion) visual acuity improved significantly postoperatively. These
results are in agreement with previous studies that showed a rapid
improvement of visual acuity and contrast sensitivity after visual
restoration, even when the treatment was received later in life
(19, 53, 54). This effect was specific to surgery, as neither an
isolated effect of age nor an interaction between age and time since
surgery was found. However, we did not find evidence that the
improvements in visual acuity were linked to changes in specific
white matter pathways.

Patients also demonstrated significant improvement in a behav-
ioral face discrimination task following surgery. The recovery of
face recognition skills in congenitally blind individuals after visual
restoration has been reported in previous studies on the same (20)
and on different clinical populations (55). In contrast to the visual
acuity results, we identified a significant interaction between
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patient age and time since surgery, with patients who received
surgery at a younger age experiencing larger improvement in this
task. This interaction is consistent with a sliding window of plas-
ticity for learning higher-order visual tasks, wherein patients who
receive intervention earlier achieve better outcomes. Finally, we
linked these behavioral improvements to specific neuroanatomical
changes following surgical intervention.

The main neuroimaging findings of this study are represented
by the surgery-related changes in some white matter pathways,
even after controlling for the maturational effects. The increase of
FA and decrease of MD observed in this study after visual resto-
ration due to treatment have been suggested to reflect increased
myelination, growth of axon caliber, and reduced free extracellular
water (56) that can be interpreted as an increase in structural
integrity. These results did not change when including the control
group, strongly confirming that these findings are not biased by
any typical developmental changes. Moreover, they did not depend
on the values assigned to the fixed effect of surgery in controls,
confirming the stability of the results. This plasticity occurred after
the closing of the putative sensitive period for visual development,
ataround 5 to 7 y of age (17).

What are the likely neural mechanisms underlying our results?
Current dMRI methods are unable to determine the exact mecha-
nism underlying the observed changes. Previous studies of structural
plasticity have assessed changes in white matter structure over rela-
tively short time courses, on the scale of days to months. White
matter changes over these shorter time courses may reflect transient
neural mechanisms such as the proliferation of oligodendrocytes and
their precursor cells (57). Patients in the current study were tracked
over a period of years, rather than days or months. It is therefore
likely that the observed structural changes were stable and resulted
from mechanisms such as myelin remodeling and bouton sprouting,
rather than glial activity. To reduce the risk of false positives, we
employed conservative FDR-based testing. However, this approach
may have also introduced false negatives, such that potentially sig-
nificant effects were lost.

Among the white matter pathways included in this study, we
observed significant structural changes mainly in late-visual pathways.
Age-related changes indicate an increase of structural integrity as a
function of age, confirming previous findings of plasticity during
adulthood in later areas (34, 35). Surgery-related changes indicate
that part of the observed increase of structural integrity is predicted
by time since surgery and not by maturational changes: It confirms
that neural plasticity of late-visual pathways follows visual restoration
even in adolescence. Interestingly, the effect of treatment on these
tracts was influenced by the age at treatment: Patients who received
interventions eatlier rather than later in adolescence show greater
increase of structural integrity.

What may be the function of the identified late-visual pathways
in visual perception? Broadly speaking, these pathways can be classi-
fied as playing a role in visually guided behavior. The tasks of visual
object and face recognition, visual memory, semantic processing, and
linking object representation with lexical labels are thought to involve
the ILE which links extrastriate visual areas with temporal regions
(58, 59). Another critical pathway that connects the fusiform gyrus
with higher-level cortical regions (frontal) is the IFOE that originates
in the lingual and inferior occipital gyrus and terminates in the frontal
lobe (60). Integration of somatosensory information, oculomotor
coordination, voluntary orientation of attention, and motor planning
are central tasks of the SLF (61, 62), an association fiber tract con-
necting both temporoparietal junction area and parietal lobe with
the frontal lobe (63). Finally, the communication of sensory infor-
mation between the two halves of the visual cortex is the main func-
tion of the posterior callosum forceps, an interhemispheric tract that
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projects fibers from the splenium of the corpus callosum to connect
homotopic occipital regions in the hemispheres. Moreover, we
observed that structural changes in SLE IFOF, and posterior callosum
forceps are associated with behavioral improvement in face discrim-
ination while controlling for age. These results indicate that late-visual
pathways, that show already a surgery-related effect, influence behav-
ioral performance: The increase in structural integrity (increase of FA
and decrease of MD) correlates with the increase of behavioral per-
formance in a face perception task. These results are not surprising
as the IFOF has been shown to connect the fusiform gyrus with
frontal regions (60), and the callosum tracts of the splenium connect
homologous extrastriate areas of the two hemispheres relevant for
higher-level visual tasks.

Age-related effects were observed in all non-visual pathways in
terms of increase of FA or decrease of MD, while a surgery-related
effect was observed only in the anterior callosum forceps when
including the fixed effect of the group. This tract projects fibers from
the genu of the corpus callosum to connect the medial and lateral
surfaces of the frontal lobes. Increased structural integrity of the genu
of the corpus callosum has been shown to correlate positively with
working memory and problem-solving abilities in healthy young
and elderly adults (64, 65), and an increase in FA has been linked to
higher processing speed, more efficient verbal and nonverbal working
memory, and enhanced cognitive flexibility (66). These results,
together with the significant effect of treatment on the posterior
callosum forceps, indicate that pathways connecting left and right
homotopic visual areas are sensitive to visual restoration as their
integrity significantly increased after surgery.

On the other hand, we did not observe any evidence of structural
plasticity in early parts of the visual hierarchy in our study, in agree-
ment with the classic conception that the critical window has already
closed by the time of intervention (6). These findings are consistent
with several studies in animal models of less severe perceptual disor-
ders, such as amblyopia, that typically report a lack of change in
early-visual pathways following intervention past the sensitive period
(6, 67). The between-group difference confirms that structural integ-
rity is reduced as a consequence of the visual deprivation and cannot
reach normative values if visual restoration happens after the closure
of the sensitive period.

Among all the tracts in which we found significant pairwise
relations between treatment, structural changes, and behavioral
improvement, we show that only changes in the posterior callosum
forceps positively modulate the relationship between surgical
intervention and behavioral improvement in face perception.

Limitations. It is important to mention some limitations of this
study. First of all, despite the substantial number of patients in our
clinical sample, it is important to notice that the collection of both
behavioral and diffusion measurements could not be precisely time-
triggered: Indeed, the number as well as the time window between
diffusion data and behavioral measurements differs among patients,
due to the challenging conditions of data collection.

Second, the inclusion of controls adds value to the study, as
it allows us to assess the typical development of structural meas-
ures in healthy age-matched brains and to confirm that the
surgery-related structural changes were not biased by age-related
changes. Despite that, we should mention that the differences
in the acquisition sequence of patients’ and controls’ data as
well as the relevant differences in the clinical populations (rural
Indian vs. US adolescents) require that we treat the interpreta-
tion of the fixed effect of group results with caution: We
observed differences in multiple tracts (mainly in MD, see
SI Appendix, Table S3 and S4), but these effects might have been

due to differences in acquisition protocol, environmental and
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socioeconomic differences, or differences actually due to visual
deprivation early in life. We compensated for some of the data
acquisition differences by reducing the number of shells for data
from controls, but other factors might still have impacted these
results.

Conclusions. Our results show an improvement of behavioral
performance following visual restoration mainly in a task assessing
higher-level visual skills, as face perception, even after the closure of
the sensitive period of development. This result is in agreement with
the existence of an innate neural system that mediates the perception
of faces at birth (68). Nevertheless, the difference with the latter scudy
is significant: While Johnson et al. refer to a subcortical face-detection
pathway, we refer to long-range late-visual pathways that predict
behavioral improvement. In addition, our neuroimaging findings
are in agreement with the idea that higher-order visual functions
and extrastriate visual areas rely more on visual experience than basic
visual functions and the primary visual cortex. Indeed, we observed a
significant increase of surgery-related structural integrity in late-visual
pathways mediating high-level visual functions (for a review see ref.
41). Unfortunately, in this study, we did not assess the functional
activation corresponding to face perception in our sight recovery
sample, so we cannot rule out the possibility that both activation and
functional connectivity of the face recognition network are altered
in these patients (69).

Besides arguing for a reconsideration of the timelines of cortical
plasticity of long-range late-visual pathways, the observed
sight-recovery-induced white matter changes in late-visual path-
ways advocate for the surgical treatment of visual disorders past
the putative sensitive period for visual development. Such treat-
ment can result in broad behavioral and neural gains, substantially
improving the functional outlook and potential for these patients.

Methods

Participants. All work was carried out in accordance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki, 2008 (70)) and was approved
by the Institutional Review Boards of Dr. Shroff's Charity Eye Hospital (Delhi, India)
and the Massachusetts Institute of Technology (Cambridge, Massachusetts, United
States). Informed consent was obtained from all participants, and all participants
were evaluated and treated by licensed medical professionals at Dr. Shroff's
Charity Hospital in Delhi, India.

Cataract Patients. Enrolled in this study were 23 cataract patients (6 female) aged
7t021y(mean age of 12.34 + 3.69 y atthe time of surgery) (S/ Appendix, Table S5).
Patients were screened and recruited from the state of Uttar Pradesh, India, and
received treatment underthe purview of Project Prakash. They had been identified via
the project's pediatric ophthalmic screening program in rural areas of India. All had
dense bilateral cataracts since before 1y of age and had received no prior eye care.
Assessment of congeniality of deprivation was based on parental reports, ophthalmic
examination of the eyeball (B-scans to assess for microphthalmos), consideration of
cataract morphology (lamellar, polar, and total cataracts are indicative of congenital
origins), and the presence of nystagmus, which is known to be induced by profound
visual impairment very early in life (for a study on monkeys, see ref. 71). All patients
received artificial intraocular lens implants, with additional correction provided by
glasses and other low-vision aids. Consent was obtained separately for surgery and
scientific studies.

Three patients (P13, P15, and P22) were excluded from subsequent analysis
because all dMRI data acquisition occurred past 20y of age. One patient (P18) was
excluded as no behavioral measures were obtained. Patient ages were reported
to the nearest year by parents or guardians. Because of limited record-keeping
among rural families, exact birthdays were not available, and all analyses were
based on the closest estimated age provided at the time of surgery. In addition to
the sample of patients, we included 80 age-matched controls extracted from the
3THCP-D (https://www.humanconnectome.org/study/hcp-lifespan-development)
(42,72)(mean age of 12.75 = 3.3 y at the time of surgery).
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Behavioral Methods. Patients participated in a number of behavioral tasks,
including preoperative and postoperative longitudinal assessment of visual acu-
ity and face discrimination. Nineteen patients had their visual acuity measured
an average of 7.9 = 3.9 times, and their performance on the facial discrimi-
nation test was assessed an average of 4.2 + 2.0 times over the course of the
study (150 total acuity timepoints and 79 total face discrimination timepoints).
In the acuity task, patients were asked to identify stimuli of varying sizes at a
viewing distance of 40 cm, with logMAR acuity estimates generated for each
assessment. In the facial discrimination task, patients were asked to verbally
discriminate between face stimuli (genuine face images) and nonface objects
(NFO in ref. 20) in a "yes-no" paradigm. Presentations were self-timed, so the
stimulus disappeared when the patient provided a verbal response. The set
comprised 300 stimuli, each one presented in a separate trial. D-prime scores
were generated for each session considering responses to face as hits and to
nonface as false alarms. Further methodological details for these tasks as well
as performance results for a smaller cohort of patients are available in prior
publications from our group (20).

For both behavioral tasks, we assessed the relative effects of time since
surgery and age on performance using LMEs models. These models included
fixed effects of age at the time of behavioral measurement and a logarithmic
term for time since surgery as well as an interaction effect between age and
log days since surgery (mean = 1.84; range = 0 to 3.42). The largest behav-
ioral changes were noted in the period immediately following surgery, with
smaller changes over time. To best fit this data, we tested models using both
linear and logarithmic time since surgery terms. We selected the model with
a logarithmic days since surgery term as it explained a larger proportion of
variance, when compared to a model using a linear days since surgery term (as
assessed by BIC). Visual inspection of the data (Fig. 1B) supports this log-linear
relationship.

Using these models, we were able to assess the relative contributions of sur-
gery (and subsequent restoration of visual input) and age-related maturational
effects on visual performance. Additionally, by including an interaction term
within the model, we were able to assess the extent to which age at intervention
interacted with time since surgery, allowing for interrogation of potential windows
of plasticity for these visual behavioral modalities.

MRI Data Acquisition. Brain imaging data of patients were obtained at
the Mahajan Imaging Center, Defense Colony (New Delhi, India) using a
GE Discovery MR750w 3T MRI scanner (GE Healthcare, Inc, Chicago, IL, USA)
equipped with a 32-channel head coil. For each subject, a structural whole-
brain T1-weighted anatomical scan (3.7 msTE; 9.5 msTR; 1 x 1 x 1 mm? iso-
tropic voxels) was acquired. In the same session, a diffusion-weighted imaging
sequence was performed with a 40-direction diffusion-weighted scan acquired
in the anterior to posterior (AP) phase-encoding direction (74.4 msTE; 13.73 s
TR; 0.86 x 0.86 x 2 mmaanisotropicvoxels; b= 1,000 s/mm?; reconstruction
matrix FOV: 220 x 220 x 144 mm, LR x AP x [S). Four dMRI sessions (one
individual scan for four cataract patients) were inadvertently acquired with left
to right (LR) phase encoding. Preprocessing steps for these data points were
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modified accordingly. This discrepancy in phase-encoding direction did not
appear to meaningfully impact tractography results or data quality, so these
data points were included in the analysis. Details of the HCP-D brain imaging
acquisition protocol are extensively described in ref. 72.

Data Processing and Analysis. Preprocessing steps for the sample of patients
were completed based on previously published methods (73) using the VistaSoft
software package (Stanford University, Stanford, California) in addition to a
more recent deep learning approach (73, 74). Data from the sample of controls
were preprocessed by running the HCP Structural and Diffusion Preprocessing
Pipelines, as part of the HCP Minimal Preprocessing pipeline (75).

In both samples, the visual pathways were derived through probabilistic
tractography using MRtrix3 (Brain Institute, Melbourne, Australia) (76-85),
while a whole-brain streamlines tracking (STT) tractography was used to extract
late-visual and non-visual pathways. Diffusion properties (MD and FA) were
sampled from the volumetric region defined by each white matter pathway
extracted from the subject's longitudinal scan. Averaged MD and FA values
were analyzed through LME models, to evaluate the longitudinal effects of
maturation and cataract surgery on white matter development in patients. To
correct for multiple-comparisons, we applied the Benjamini and Hochberg FDR
test (86) separately for FA and MD values. Finally, we performed a mediation
analysis using the MATLAB-based mediation toolbox described by Wager et al.
(2008)(51); available at https://github.com/canlab/MediationToolbox) to assess
the association between surgery, structural measures changes, and behavioral
outcome.

Data, Materials, and Software Availability. Anonymized neuroimaging and
behavioral data as well as analysis codes have been deposited in the Open Science
Framework (https://osf.io/h7mb5/) (87).
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