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Abstract Blindness primarily induces structural alteration in
the primary visual cortex (V1). Some studies have found that
the early blind subjects had a thicker V1 compared to sighted
controls, whereas late blind subjects showed no significant
differences in the V1. This implies that the age of blindness
onset may exert significant effects on the development of cortical thickness of the V1. However, no previous research used
a trajectory of the age of blindness onset-related changes to
investigate these effects. Here we explored this issue by mapping the cortical thickness trajectory of the V1 against the age
of blindness onset using data from 99 blind individuals whose
age of blindness onset ranged from birth to 34 years. We found
that the cortical thickness of the V1 could be fitted well with a
quadratic curve in both the left (F = 11.59, P = 3 × 10−5) and

right hemispheres (F = 6.54, P = 2 × 10−3). Specifically, the
cortical thickness of the V1 thinned rapidly during childhood
and adolescence and did not change significantly thereafter.
This trend was not observed in the primary auditory cortex
(A1), primary motor cortex (M1), or primary somatosensory
cortex (S1). These results provide evidence that an onset of
blindness before adulthood significantly affects the cortical
thickness of the V1 and suggest a critical period for cortical
development of the human V1.
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The primary visual cortex (V1) is not only the principle recipient of visual input but also the first cortex along multiple
visual stream pathways (Schiller 2010). Because it has an
important role in processing visual information (Leopold
2012; Tong 2003), exploring the structural properties and
functional organization of the V1 has always been an important field of research in neuroscience. With the advance of
magnetic resonance imaging techniques, a surge in magnetic
resonance imaging (MRI) studies has revealed structural alterations, such as significantly decreased gray matter volume
(Lepore et al. 2010), decreased network efficiency (Li et al.
2013), and impaired white matter integrity (Wang et al. 2013)
in the V1 of blind individuals.
One of the most important findings is that deprivation of
visual experience can induce changes of the cortical thickness
of the V1 (Anurova et al. 2015). Cortical thickness is a principal morphometric index that uses the distance between the
gray/white matter surface and the pial surface. Considerable
research on the alterations in the cortical thickness in the
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human V1 has suggested that congenitally and early blind
subjects exhibit a thicker V1, whereas the late blind showed
no significant difference in the cortical thickness of the V1
compared with sighted controls (Bridge et al. 2009; Jiang
et al. 2009; Voss and Zatorre 2012), indicating that alterations
in the cortical thickness of the V1 in blind individuals are
strongly correlated with their age of blindness onset.
However, the effect of the age of blindness onset on changes
in the cortical thickness of the V1 over the course of aging is
still unclear.
In the present study, we explored the effect of the age of
blindness onset on the cortical thickness of the V1 in 99 blind
subjects with the age of blindness onset ranging from 0 to
34 years and compared them with 88 sighted controls. We first
identified the regions within the V1 that were apparently affected by a deprivation of visual experience and then mapped
the trajectory of the cortical thickness of these regions against
the age of blindness onset. We also explored the cortical thickness trajectories of the primary auditory cortex (A1), primary
motor cortex (M1), and primary somatosensory cortex (S1)
against the age of blindness onset. These findings revealed
that the cortical thickness of the human V1 was affected by
deprivation of the visual experience, in particular, during
childhood and adolescence.

Material and methods
In this study, we explored the effects of the age of blindness
onset on the cortical thickness of the V1. To accomplish this,
we referred to the results from previous research to divide the
blind subjects into 4 groups according to their age of blindness
onset (Huttenlocher and de Courten 1987; Bengtsson et al.
2005; Li et al. 2013) and then found the significantly different
regions within the V1 by comparing the results between these
groups and the sighted controls (SC). Finally, we mapped the
trajectory of the cortical thickness against the age of blindness
onset.
Subjects
The participants were recruited from the Special Education
College of Beijing Union University or by advertisement in
the local communities. All of the blind participants were blind
due to eye-related diseases (see the Supplementary Materials
for details) and were carefully screened to ensure that they had
no history of any psychiatric or neurological illness, drug or
alcohol abuse, and had no contraindications to MRI examinations. Further, the participants who were left handed or had
different ages of blindness onset in the left and right eyes were
excluded. In this study, we obtained T1-weighted images from
103 blind subjects but excluded 3 subjects due to cerebellar
hypoplasia and 1 subject because of low data quality (image

artifacts, checked by 2 radiologists). In the end, we used 99
blind subjects in our study. Similarly, we obtained T1weighted images from 94 SCs but excluded 6 subjects because
of low quality images, thus finally including 88 righted-handed, age- and gender-matched SCs. This study was approved
by the Ethics Committee of Tianjin Medical University and
was conducted in accordance with the Declaration of Helsinki.
All the participants provided their informed consent and approved the submission of the deidentified data after the experimental methodology was explained, which was done before
they participated in our study (see the Supplementary
Materials for details).
Referring to previous research (Bengtsson et al. 2005;
Huttenlocher and de Courten 1987; Li et al. 2013; Sadato
et al. 2002), we divided the blind subjects into four groups
according to age of blindness onset, including congenitalonset blind (CB, 19 subjects, age of blindness onset =0 year),
early onset blind (EB, 30 subjects, age of blindness onset =1–
11 years), adolescent-onset blind (AB, 18 subjects, age of
blindness onset =12–15 years), and late-onset blind (LB, 32
subjects, age of blindness onset > = 16 years). Analyses of
variance (ANOVA) did not reveal any significant differences
in age (P = 0.11), and a two-way χ2 test did not indicate a
gender effect (P = 0.72) between the sighted and blind groups.
The detailed demographic information about the blind individuals and sighted controls is shown in Table 1 and in the
Supplementary Materials.

Data acquisition and preprocessing
Sagittal T1-weighted 3D structural MRI images with
magnetization-prepared rapid-acquisition gradient echo (MPRAGE) using a 3.0 T Siemens Magnetom Trio MR scanner
(Erlangen, Germany) were obtained for each subject. The protocol was as follows: repetition time = 2000 ms, echo
time = 2.19 ms, inversion time = 900 ms, flip angle = 9°, slice
thickness = 1 mm, FOV = 224 × 256 mm2, in-plane resolution
= 1 × 1 mm2.
The MRI images were processed and analyzed using
FreeSurfer V5.2 (http://surfer.nmr.mgh.harvard) with the
default automated processing pipeline. Minimal manual
editing was done to correct errors that might have occurred
during the segmentation procedure. The cortical thickness of
each brain was calculated by extracting the gray/white matter
boundary surface at all cortical surface nodes in native space
(Fischl and Dale 2000). To compare the cortical thickness
node by node and visualize the statistical results, an average
template was created and the cortical surface for each subject
was registered to it by a surface-based registration method
(Fischl et al. 1999). Finally, the cortical thickness was
smoothed using a heat kernel (30 mm width) (Chung et al.
2005; Lerch and Evans 2005) to reduce noise and the effect of
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Table 1

Demographic information of participants
CB

EB

AB

LB

SC

P value of ANOVA

Gender (males/females)

12/7

22/8

14/4

21/11

62/26

0.72

Age (years)

26.8 ± 5.1

29.4 ± 7.5

31.6 ± 8.7

31.5 ± 7.0

27.3 ± 7.0

0.11

Onset age (years)

0

7.0 ± 3.4

13.8 ± 1.0

21.0 ± 5.0

Chi-square was used for gender comparisons and a one-way ANOVA was used for age comparisons
CB congenitally blind, EB early blind, AB adolescent blind, LB late blind, SC sighted controls

misalignment during the surface-based transformation to the
average template.
Locating the regions of interest within the V1
To explore the effect of the age of blindness onset on the
cortical development of the human V1, we located the regions
in the V1 that were significantly affected by blindness; we
chose these as the regions of interest (ROI) in this study.
First, a one-way ANOVA was used to assess the effect of
group (5 groups, specifically, CB, EB, AB, LB, and SC) on
the average cortical thickness of the whole brain with gender,
age controlled at a threshold of P < 0.05. Similarly, the effect
of group on the average cortical thickness of the left and right
V1 was also assessed, controlling gender, age, and average
cortical thickness of the whole brain. Second, comparisons
were done using two-sample t tests to find the regions with
statistically significant differences in cortical thickness. These
comparisons were done between the EB and CB, AB and CB,
LB and CB, SC and CB vertex-by-vertex within the average
template with age, gender, and average cortical thickness of
the whole brain as covariates, using the toolbox SurfStat
(http://www.math.mcgill.ca/keith/surfstat). Multiple
comparisons were corrected using the FDR with a voxel
level threshold of P < 0.05 (Benjamini and Hochberg 1995).
Next, regions that contained fewer than 100 voxels but that
showed differences were screened to remove the possible influence of noise.
Mapping the cortical thickness trajectory of the V1
First, we calculated the average cortical thickness within the
ROI in the bilateral V1 for each individual. Then, we applied a
variety of models to estimate the effects of the age of blindness
onset on the average cortical thickness of the ROI in each
hemisphere using the data from all the 99 blind individuals
and regressing out gender, age, and average cortical thickness
of the whole brain. This was accomplished using a step-down
model selection procedure as follows. We tested cubic, quadratic, and linear growth models and used an F-test and the
age effects to determine which model best fit the entire sample. The cubic model was represented by the following formula: cortical thickness = intercept + α × onsetage3 +

β × onsetage2 + γ × onsetage + Ɛ, where α, β and γ represent
parameter estimates of the age of blindness onset effect, and Ɛ
represents the residual error. If the cubic model fitted our data,
that is, if the P for the cubic model <0.05 and the P for the
onsetage3 effects <0.05, we would use the cubic model for our
data, if not, the quadratic model would be tested. If the quadratic model fit, that is, if the P for the quadratic model <0.05
and the P for the onsetage2 effects <0.05, then the quadratic
model would be used, if not, the linear model would be tested.
In addition, we explored the development trajectory of the
ROI in the SC using a similar procedure. The age effect on
the cortical thickness of the V1 was also tested using the cubic,
quadratic, and linear models. An F-test for the model and age
effect at P < 0.05 were used to determine the chosen model.
The above procedures were also applied to the A1, M1, and
S1 in the blind individuals. The M1, S1, and A1 locations
were obtained using the template label in FreeSurfer v5.2.

Results
Differences related to blindness within the V1
A one-way ANOVA showed no significant difference in the
average cortical thickness of the whole brain between the 5
groups of subjects (uncorrected, P = 0.11) but showed a significant difference in the average cortical thickness in the left
(P < 0.01) and right V1 (P < 0.01) (Table 2). The regions with
differences in cortical thickness within the V1 between the EB
and CB, AB and CB, LB and CB as well as the SC and CB are
shown in Fig. 1. The differences between the EB/AB and CB
did not survive the strict correction (FDR corrected, P < 0.05,
Fig. 1a and b). Unlike the EB/AB, the V1 of the LB individuals was found to be significantly thinner than that of the CB
(FDR corrected, P < 0.05) (Fig. 1c). In the left hemisphere, the
region with differences in cortical thickness was in the superior V1; whereas in the right hemisphere, the region with
differences was in the posterior V1. The SCs were the most
markedly different in that they exhibited a thinner V1 than the
CB. In the left hemisphere, the regions with differences covered the superior and posterior V1; but in the right hemisphere, the region with differences was in nearly the whole
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Table 2

Average cortical thickness (mean ± SD, mm)
CB

EB

AB

LB

SC

P value of ANOVA

Whole Brain

2.48 ± 0.10

2.51 ± 0.95

2.49 ± 0.18

2.45 ± 0.14

2.52 ± 0.10

0.11

Left V1

2.36 ± 0.22

2.21 ± 0.21

2.15 ± 0.23

2.12 ± 0.16

2.14 ± 0.14

<0.01

Right V1

2.22 ± 0.17

2.11 ± 0.23

2.07 ± 0.18

2.02 ± 0.16

2.04 ± 0.14

<0.01

CB congenitally blind, EB early blind, AB adolescent blind, LB late blind, SC sighted controls

right V1. These findings corresponded very well with previous reports (Bridge et al. 2009; Jiang et al. 2009).
The effect of the age of blindness onset on the cortical
thickness in the regions of interest
As explained in the Materials and Methods section, we
adopted a step-down procedure for model selection: cubic,
quadratic, and linear models were tested for the effect of
the age of blindness onset on the cortical thickness of the
ROI in all of the 99 blind individuals in both the left and
right hemispheres. Since the ROIs we found out were very
similar to the V1, we stated the ROIs as V1. In these

Fig. 1 Statistically significant difference maps within the V1 between the
EB and CB (a), AB and CB (b), LB and CB (c), SC and CB (d) are
displayed in the medial view (P < 0.05, FDR corrected). The green dotted
line shows the location of the V1. CB, congenitally blind; EB, early blind;
AB, adolescent blind; LB, late blind; SC, sighted controls

models, we regressed out age, gender, and average cortical
thickness of the whole brain. We found that the cubic
model did not fit our samples (left hemisphere (LH),
F(3,95) = 9.07, P = 2 × 10−5; right hemisphere (RH),
F(3,95) = 5.22, P = 2 × 10−3, but the onsetage3 effect
was not significant, LH, P = 0.67; RH, P = 0.126).
However, the quadratic model (LH, F(2,96) = 11.59,
P = 3 × 10 −5 , onsetage 2 effect, P = 0.039; LH,
F ( 2 , 9 6 ) = 6.54, P = 2 × 10 − 3 ,onsetage 2 effect,
P = 0.041) was suitable for characterizing the development trajectory that related the cortical thickness of the
V1 with the age of blindness onset. The nonlinear quadratic model implemented in R (A statistical language,
www.r-project.org) deriving the age of blindness onset
functions for the cortical thickness of the V1 experienced
a high rate of declining during childhood and adolescence
and then underwent a steady rate of decrease after late
adolescence, which revealed that the stage during which
the age of blindness onset affected the development of the
cortical thickness of the V1 significantly was during child
and adolescence (left side of Fig. 2a and b for the
trajectories of the left and right V1, respectively). For
the SC, neither the cubic (LH, F ( 3 , 8 4 ) = 1.545,
P = 0.209; RH, F(3,84) = 1.887, P = 0.138) nor the
quadratic models (LH, F(2,85) = 1.398, P = 0.253; RH,
F(2,85) = 2.336, P = 0.103) were suitable for modeling
the age effect on cortical thickness development. The linear
model (LH, F(1,86) = 0.018, P = 0.894; RH, F(1,86) = 2.535,
P = 0.127) showed that the cortical thickness of the V1 in the
SC did not change significantly with aging after the onset of
adulthood (right side of Figs. 2a and b for the left and right V1,
respectively,).
Additionally, we investigated the changes in the cortical thickness in the M1, S1, and A1 against the age of
blindness onset (Fig. 3). The cubic and quadratic fitting
were not significant for these regions in either the left
or right hemispheres using a significance of P < 0.05.
The fitted linear model indicated that the cortical thickness of the A1, M1, and S1 regions was not affected by
the age of blindness onset (left A1, F(1,97) = 0.053,
P = 0.818; right A1, F(1,97) = 1.354, P = 0.247; left
M1, F(1,97) = 0.363, P = 0.548; right M1,
F(1,97) = 0.544, P = 0.463; left S1, F(1,97) = 0.887,
P = 0.351; right S1, F(1,97) = 0.495, P = 0.484), which
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Fig. 2 The fitted trajectory of the average cortical thickness (in mm)
against the age of blindness onset (in years) in blind individuals (left
graph) and the average cortical thickness of the SC with ages (in years)
(right graph) for the left (a) and right (b) V1. The width of the fit line
represents the 95 % CI

demonstrated that the deprivation of blindness did not
effects the development of cortical thickness of the A1,
M1, and S1.

Discussion
In this study, we explored the effect of the age of blindness
onset on the development of the cortical thickness in the human V1 in a large cohort of blind and sighted controls. By
mapping the trajectory of the cortical thickness against the age
of blindness onset, we found that changes in the cortical thickness primarily occurred in subjects who were deprived of
visual experience during childhood and adolescence. This
finding may imply a critical period for the cortical development of the human V1.
We observed that the cortical thickness of the human V1
was affected by deprivation of visual experience with an age
of blindness onset during childhood and adolescence. This
finding is consistent with many prior studies exploring the

development of the V1 based on other anatomical properties.
For example, microscopic neuroanatomical studies have reported that the synaptic density in the human V1 is greatest
in the first postnatal year and gradually decreases to the adult
level during adolescence (Huttenlocher and de Courten 1987).
Some MRI studies found a significant decrease in gray matter
density (Gogtay et al. 2004; Ptito et al. 2008; Sowell et al.
2003), cortical volume (Raznahan et al. 2011), and cortical
area (Wierenga et al. 2014) in the V1 during childhood and
adolescence. Moreover, a recent study by Fjell et al. (2015)
suggested that humans experienced a high rate of thinning in
the occipital cortex for the first 20 years of life. Our finding
has also been supported by functional studies; for instance,
only the occipital cortex of early, but not late, blind subjects
was reported to undergo an increase in the baseline metabolism and blood flow in the resting state (Kupers et al. 2011;
Veraart et al. 1990).
The reason why these changes were primarily observed in subjects deprived of visual experience during
childhood and adolescence may be attributable to a critical period in which visual experience dominates the
cortical development of the human V1 (Leopold 2012).
A critical period is a stage during which great changes
in certain behaviors or capabilities or structures occur
(Lerch and Evans 2005; Voss and Zatorre 2012). Most
of the previous studies, which used animals such as
greylag geese chicks (Lorenz 1935), cats (Hubel and
Wiesel 1970), and mice (Gordon and Stryker 1996),
revealed that the critical period in which visual experience impacts the visual cortices occurs primarily during
the early stages. Recent works which investigated the
structural development of the V1 using MRI techniques
also confirmed that the critical period occurs before
adulthood. For instance, Jiang et al. (2009) used structural MRI techniques to explore the neurodevelopmental
factors that determine cortical thickness in blind individuals and suggested that the absence of visual experience
plays an important role in the V1 only in congenitally
and early blind subjects.
Most of these studies confirmed the importance of visual experience in modulating the cortical thickness of the
human V1; however, the underlying neurobiological mechanisms for the cortical changes of the V1, in the form of
stopping thinning, in blind individuals are still elusive.
Two possible explanations have been proposed. One attributes this to crossmodal reorganization following visual
deprivation (Bridge et al. 2009; Park et al. 2009;
Petanjek et al. 2011). The other attractive explanation suggested that the thicker V1 in early blindness was likely
due to interruption of the process of synaptic pruning in
the human V1 (de Brabander et al. 1998; Jiang et al.
2009). We explored the cortical thickness changes of some
other primary sensory and motor cortices, including the
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Fig. 3 The fitted trajectory of the
average cortical thickness (in mm)
against the age of blindness onset
(in years) in blind individuals for
the left and right A1, M1, and S1
obtained by quadratic (blue) and
linear (red) fitting. The width of
the fit line represents the 95 % CI.
A1, primary auditory cortex; M1,
primary motor cortex; S1,
primary somatosensory cortex

A1, M1, and S1, which have been established to be
strongly related to the crossmodal functional plasticity of
the V1, leading to applications such as better performance
in Braille reading (Sadato et al. 1996), sound localization
(Roder et al. 1999), and verbal memory (Amedi et al.
2003) in the early blind. Our results demonstrated that
cortical thickness of the A1, M1, and S1 did not significantly change along with the age of blindness onset
(Fig. 3). This suggests that interruption of the process of
synaptic pruning may be a more likely explanation for the
thicker V1 in child and adolescent onset blind individuals.
Moreover, we found that the effects of age of blindness onset on development of cortical thickness of the
V1 varied in the left and right hemispheres. As illustrated above, blindness, especially congenitally and early

blindness, will result in functional shift of the V1 from
processing visual-related task to processing some nonvisual information (Amedi et al. 2003; Roder et al.
1999; Sadato et al. 2002; Sadato et al. 1996).
Meanwhile, functional differences of these non-visual
tasks between the left and right V1 have been observed.
Using resting functional MRI, Striem-Amit et al. (2015)
found that, compared with sighted subjects, the left inferior frontal sulcus, the left retinotopic areas, and the
right auditory cortex showed increased functional
connectivity to the left V1, but showed decreased
functional connectivity to the right hemisphere. Amedi
et al. (2003) reported clearly left-lateralized activation of
the V1 during a verbal-memory task and a verb generation task in the congenitally blind. These differences
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may indicate the functional basis for the structural differences in our study.

Conclusion
The present study explored the trajectory of changes in the
cortical thickness of the V1 as a function of the age of blindness onset and found that development of the cortical thickness of the human V1 seems to have been interrupted,
resulting in a thicker V1, when the subjects were deprived of
visual experience during childhood and adolescence. These
findings will shed light on understanding the critical period
for cortical development.
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