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Abstract
Blindness early in life induces permanent alterations in brain anatomy, including reduced surface area of primary visual
cortex (V1). Bilateral enucleation early in development causes greater reductions in primary visual cortex surface area than
at later times. However, the time at which cortical surface area expansion is no longer sensitive to enucleation is not clearly
established, despite being an important milestone for cortical development. Using histological and MRI techniques, we
investigated how reductions in the surface area of V1 depends on the timing of blindness onset in rats, ferrets and humans.
To compare data across species, we translated ages of all species to a common neuro-developmental event-time (ET) scale.
Consistently, blindness during early cortical expansion induced large (~40%) reductions in V1 surface area, in rats and
ferrets, while blindness occurring later had diminishing effects. Longitudinal measurements on ferrets conﬁrmed that early
enucleation disrupted cortical expansion, rather than inducing enhanced pruning. We modeled the ET associated with the
conclusion of the effect of blindness on surface area at maturity (ETc), relative to the normal conclusion of visual cortex
surface area expansion, (ETdev). A ﬁnal analysis combining our data with extant published data conﬁrmed that ETc occurred
well before ETdev.
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Introduction
A well-established neuroanatomical consequence of early
blindness is a reduction in the surface area of the primary
visual cortex (V1) of affected individuals at adulthood. This has
been reported in human studies (Jiang et al. 2009; Park et al.
2009), as well as several animal species, including rats (Sugita
and Otani 1984; Laing et al. 2012), mice (Massé et al. 2014), opossum (Karlen and Krubitzer 2009), ferrets (Reillo et al. 2011; Bock
et al. 2012; Olavarria et al. 2012), and rhesus macaques (Rakic
1988; Rakic et al. 1991; Dehay et al. 1991, 1996). The extent of
the reductions in V1 surface area varies with the timing of
blindness onset (Rakic 1988; Rakic et al. 1991; Dehay et al. 1989,

1996; Karlen and Krubitzer 2009; Bock et al. 2012; Laing et al.
2013). For example, in rhesus macaques, Rakic et al. (1991), and
Dehay et al. (1996) established that enucleation early in gestation produced substantial reductions in the surface area of striate cortex that were greater than when enucleation occurred at
ages closer to full gestation. However, previous studies have
not mapped with precision the period during which normal
development of V1 surface area requires ocular input, nor
determined whether this period ends at corresponding development stages across species.
The typical developmental trajectory of the surface area of
V1 involves an initial expansion (Missler et al. 1993, Raznahan
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congenitally-blind (in which pattern vision never develops), lateonset blind (following development of relatively normal pattern
perception), and normally-SC. We used histological methods in
rats, a longitudinal structural MRI study in ferrets, and structural
MRI data from ferrets and humans to identify a common developmental endpoint for the effect of blindness on primary visual
cortex surface area. Our results provide evidence that blindness
disrupts cortical expansion, and that the critical period for the
effect of enucleation on visual cortex surface area ends before V1
surface area reaches its normal adult size. These data suggest
that visual cortex expansion remains susceptible to visual deprivation through the perinatal period, followed by a later stage during which expansion is largely independent of ongoing visual
input.

Materials and Methods
Animal Care
All procedures were approved by the relevant Institutional
Animal Care and Use Committee, and were carried out in
accordance with the NIH Guide for the Care and Use of
Laboratory Animals.

Rats
Animal Numbers
A total of 56 rats were included in these experiments. A set of 40
were BE at eight postnatal ages. The day of bilateral enucleation
(BEP) is indicated with the postnatal day in which enucleation
was performed: within 24 h of birth (BEP0; n = 6), BEP10 (n = 4),
BEP12 (n = 5), BEP14 (n = 6), BEP16 (n = 5), BEP25 (n = 5), BEP30 (n =
5), BEP45 (n = 4). Six sighted rats served as controls (SC). All measurements were made at maturity (>P60). The remaining ten rats
were used to study the development of the surface area of V1 in
normally sighted animals, sacriﬁced at P30 (n = 5) and P35 (n = 5)
(Table 1).
Experimental Procedures
Pregnant animals were monitored several times daily and the
births of the litters were determined to within 12 h (the ﬁrst
24 h correspond to P0). Rats were injected with ketofen
(0.05 mg/kg, i.p.) and anesthetized with isoﬂuorane (2–4% in
air). After full recovery from surgery, rat pups were either
returned to their dams, or to their home cage if the enucleation
took place after weaning. Enucleated rats received daily i.p.
injections of ketofen for three additional days. Upon reaching
maturity, experimental as well as control rats were deeply
anesthetized with pentobarbital sodium (100 mg/kg i.p.) and
perfused transcardially with 0.9% saline followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4). A

Table 1 Rat enucleated groups and sighted controls.
Group

Enucleation age

Sample size

Event time

V1 Surface area

Cortex surface area

Ratio V1:Cortex

% Adult VSAR

BEP0
BEP10
BEP12
BEP14
BEP16
BEP25
BEP30
BEP45
SC

P0
P10
P12
P14
P16
P25
P30
P45
>P60

6
4
5
6
5
5
5
4
6

0.43
0.66
0.70
0.73
0.76
0.89
0.95
1.10
1.30

9.3
12.0
12.5
13.2
13.0
13.3
13.7
13.9
14.3

166.9
181.3
181.7
185.2
179.1
182.4
186.5
185.8
185.5

0.06
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.08

73.3
86.8
90.0
93.3
94.8
95.7
96.5
98.2
100.0
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et al. 2011; Knutsen et al. 2013), followed by reductions to adult
size (Huttenlocher 1990; Missler et al. 1993). The effect of enucleation on the expansion of striate cortex has been linked to
modulatory inﬂuences that thalamic afferents, by means of diffusible factors, exerted over early stages of corticogenesis at
the level of the ventricular zone (Dehay et al. 2001; Dehay and
Kennedy 2007), and to interference with the tangential migration of neurons (Reillo et al. 2011). Cortical thickness in V1 follows a similar trajectory as surface area: initial expansion,
overshooting and then reduction to adult levels (Huttenlocher
1990; Missler et al. 1993). Blindness also results in increased V1
cortical thickness, which has been interpreted in human studies as resulting from reduced synaptic pruning later in development (Bridge et al. 2009; Jiang et al. 2009; Anurova et al. 2015).
Our primary goal was to determine if there is consistency in
the timing of the effects of blindness on V1 surface area expansion in rats, ferrets and humans, and investigate if early enucleation reduces surface area size by interfering primarily with
cortical expansion. We report that the effect of blindness on V1
surface area ends before surface area expansion is complete,
and prior to peak synaptic density in V1.
Human studies of blindness have relied on anatomical MRI
to measure alterations in visual cortex as a consequence of
blindness (Ptito et al. 2008; Bridge et al. 2009; Jiang et al. 2009;
Park et al. 2009; Leporé et al. 2010; Anurova et al. 2015). In
humans, age of onset of blindness can usually only be estimated from the etiology of blindness (e.g., anophthalmia, retinopathy of prematurity (ROP), injury to the eyes, etc.).
Furthermore, human studies of blindness are almost uniquely
conducted at adulthood, and consequently, the reduction in
surface cortical area may reﬂect the effects of blindness on the
expansion in surface area that occurs early in development, or
as a result of synaptic and axon elimination, which occurs later
in development (Huttenlocher 1990; Missler et al. 1993;
Bourgeois and Rakic 1993). Knowing when the effect of blindness no longer inﬂuences the surface area of visual cortex
would be useful to further our understanding of the mechanisms controlling cortical growth, and to guide the interpretation of the effects of blindness onset on human cortical surface
area development.
To bridge the ﬁndings between animal and human studies,
we examined how the age of blindness onset affects surface area
of V1 at adulthood in rats, ferrets, and humans. To facilitate
inter-species comparisons, blindness onset was expressed in
terms of a species-independent timeline of neuro-developmental
event times (ET) (Finlay and Darlington 1995; Darlington et al.
1999; Clancy et al. 2007; Workman et al. 2013). Animal models
consisted of rats and ferrets bilaterally enucleated (BE) at deﬁned
postnatal ages, and sighted control (SC) animals. Human subjects
included anophthalmic (in which both eyes fail to develop),
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reduced myelination at the border of V1 was delineated in two
or more sections from the same animal with the aid of the ﬁlter
“trace contour” in Adobe Photoshop CS5 (Adobe Systems, CA).
This method has been applied in previous work (Richter and
Warner 1974; Laing et al. 2012; 2013; 2015) as an effective
method for delineating borders of V1 in tangential sections.
The borders of the cortical mantle and V1 were reconstructed
by carefully aligning sections using the edges of the sections,
sulci, blood vessels, and other ﬁducial marks. Data from animals, BE at P0 through P45 were compared with corresponding
data from 60-day-old SC animals. Once borders of V1 had been
deﬁned using the trace contour ﬁlter in Photoshop, measurements of each area were taken in pixel count and then converted to surface area.

Ferrets
Animal Numbers
A total of 25 ferrets were examined using live and postmortem
MRI. Ferret litters were purchased from Marshall Bioresources
(North Rose, NY) and delivered to Oregon Health and Science
University (N = 23 animals) or Washington University (N = 2
animals) on postnatal Day 5 (gestation in ferrets = 41 days),
where subsequent procedures were carried out. Thirteen ferrets
were included in the comparison of the effect of enucleation at
different ages on V1 surface area (Table 2). Of these, nine [BEP7
(n = 3), BEP20 (n = 3), SC (n = 3)] were part of a previous study
(Bock et al. 2012), and an additional four ferrets [BEP7 (n = 1),
BEP31 (n = 2), SC (n = 1)] were also included. All were euthanized at adulthood (P120 or older), and their brains were perfused with 4% PFA. Two additional groups of ferrets, BEP7 (n = 3)
and SC (n = 3), underwent postmortem MRI at P31, and an additional two groups BEP7 (n = 3) and SC (n = 3), underwent longitudinal MRI experiments. All 12 animals were perfused on Day P31
with 4% PFA following previously described procedures (Bock
et al. 2012).

Figure 1. Rat primary visual cortex surface area as a function of age of deprivation onset in bilaterally enucleated rats. Proﬁles of V1 and cortical mantle
revealed in tangential sections for (a) SC rat measured at postnatal day (P) 60
rat and (b) a BEP12 rat. In both visual cortices, heavily-stained myelinated
regions allow delineation of primary visual cortex (dashed black line). Inset
shows the overlaid outlines of V1 surfaces of the P60 control and BEP12 rat,
illustrating the reduced surface area of the BEP12 hemisphere compared with
control. Scale bars = 1 mm. (c) Percent of adult sighted control VSAR, for rats
enucleated over an age range extending from P0 (ET = 0.43) to P45 (ET > 1). A
second abscissa indicates the postnatal day at which binocular enucleation was
performed. The solid line indicates the piece-wise regression line of best ﬁt
(adjusted R2 = 0.69). Vertical dotted line indicates the estimated end of the
effect of enucleation (ETc = 0.86). Arrowhead indicates V1 peak synaptic density. SC = sighted control, VSAR = Primary visual to non-visual cortex surface
area ratio.

Experimental Procedures
Ferrets examined by postmortem MRI were euthanized and
perfused with 4% PFA. The extracted brains were imaged following previously described procedures for brains analyzed at
adulthood (Bock et al. 2012) or at P31 (Bock et al. 2010). In a
follow-up longitudinal experiment, BEP7 and SC ferrets were
examined using in vivo MRI over the postnatal period from P11
to P28. For both the BEP7 and SC groups, two animals were
scanned at P14, P21, and P28, while the third ferret was scanned
at P11, P18, and P25, using experimental procedures (and data
from two SC animals) described previously (Knutsen et al.
2013). The brains were scanned using an 11.7 T static magnetic
ﬁeld strength magnet interfaced with a small animal imaging
gradient system capable of producing highly similar maximum
gradient strengths (of 70 G/cm), as well as an identical volume coil
transmit/surface coil receive radiofrequency coil conﬁguration.
Following image acquisition and cerebral cortex reconstruction (Bock et al. 2010; Knutsen et al. 2013), gyral/sulcal
landmark-based conventions reported previously were used to
deﬁne boundaries of the isocortex and V1 (see Bock et al. 2012,
and references therein). Brieﬂy, on the ventral lateral surface of
the brain, the border of the isocortex corresponds to the fundus
of the rhinal ﬁssure, and to the dorsal edge of the corpus callosum on the medial surface of the brain. Primary visual cortex
was deﬁned as the area (outlined in red in Figs 2, 5) extending
from the fundus of the splenial sulcus to the occipital crest,
and from the dorsal-most point on the medial cortex to the
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similar procedure was used to anesthetize and perfuse the animals used to study the development of the area size of V1.
A histological approach was used to measure visual cortex
surface area. The surface areas of primary visual cortex and
remaining isocortex were measured using tangential sections
from physically-ﬂattened cortical mantles. Brains were
removed from the skull and the entire cortical mantle was separated from the brain stem, ﬂattened between glass slides and
left in 0.1 M PB for 24 h. The tissue was then transferred to 4%
PFA in 0.1 M PB, 20% sucrose solution for an additional hour
and cut tangentially to the cortical surface (60-μm sections collected in 0.1 M PB). Unstained tangential sections were scanned
at 2400 dpi (Epson 4990) to identify the border of V1 based on
the myelin pattern (Fig. 1a, b). The myelin pattern was optimally displayed in tangential sections passing through Layer 4
(500–650 μm deep), and the sharp transition from dense to
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Table 2 Ferret enucleated groups and sighted controls measures.
Enucleation age

Sample size

Event time

V1 Surface area

IsoCortex surface area

Ratio V1:Ctx

% Adult VSAR

BEP7
BEP20
BEP31
SC

PC48
PC61
PC72
>119

4
3
2
4

0.54
0.65
0.72
>1

55
65
70
67

781
852
774
759

0.076
0.082
0.099
0.096

78.1
85.1
102.5
100.0

Figure 2. Primary visual cortex surface area as a function of age of deprivation onset in bilaterally-enucleated ferrets. (a) The primary visual cortex resides on the
medial occipital surface, indicated by dashed white boundaries in caudal/ventral views of the brain in a BEP7 and a sighted control (SC) ferret. Although the primary
visual cortex in ferrets extends dorsally, the surface area reduction in brains of BEP7 ferrets is notable in the ventral cortex due to the absence of the occipitaltemporal sulcus. (b) The surface area of the primary visual cortex (enclosed by dashed boundaries) of BEP7 ferrets is reduced compared with controls. The absence of
the occipital-temporal sulcus in BEP7 animals (arrows in control brains), contributes to the difference in visual cortex surface area. (c) Quantiﬁcation of VSAR by MRI
revealed pronounced reductions in early enucleates (P7, ET = 0.54), with graded effects of enucleation on the primary visual to non-visual surface area ratio for later
enucleations (P20, ET = 0.65 and P31, ET = 0.72). The Solid line indicates best ﬁt of the piece-wise regression (Adjusted R2 = 0.64). Vertical dotted line indicates the estimated end of the effect of enucleation (ETc = 0.74). Arrowhead indicates V1 peak synaptic density. Abbreviations as in Fig. 1.

ventral extreme of the occipital-temporal sulcus (yellow
arrows, Fig. 2b). This region corresponds to an area that is
largely devoid of inter-hemispheric connections and was identiﬁed as ferret primary visual cortex by Bock et al. (2012).

Humans
Subjects
Data from 51 human subjects were included in the study. The
data included ﬁve participants with anophthalmia (AN), 14
with early-onset blindness (EB), 9 with late-onset blindness
(LB), and 23 SC, collected at three laboratories (Supplementary
Table S1). Acquisition procedures were described previously
(Stevens et al. 2007; Bridge et al. 2009; Bock et al. 2015; Jiang
et al. 2016). Six AN and nine SC participants were scanned on a
7 T Siemens/Magnex system at Oxford University (Bridge et al.
2009). Nine EB, 5 LB, and 10 SC subjects were scanned in a
Siemens 3 T Trio with a 12-channel head coil, at Oregon Health
and Science University (Stevens et al. 2007). Five EB participants
and four SC participants were scanned in a Siemens 3 T Trio
with a 12-channel head coil, at Oxford University (Bridge et al.

2009). A group of 4 LB participants were scanned in a Philips
Achieva 3 T with a 32 channel head coil. The severe atrophy of
optic nerves in these AN individuals was previously conﬁrmed
with T1-weighted MR scans (Bridge et al. 2009). (Descriptions of
individuals in the AN, EB, and LB are provided in Supplementary
Table S1). All participants provided written informed consent in
accordance with the Institutional Review Board of each respective site.
Experimental Procedures
In humans, consistently detecting the stria of Gennari with MRI
is challenging, and its presence is debated in Anophthalmic
individuals (Trampel et al. 2011). However, retinotopic mapping
of visual cortex with fMRI has demonstrated that cortical topology in and around the calcarine sulcus is closely coupled to the
orientation and extent of visual ﬁelds (Hinds et al. 2008; Benson
et al. 2012), and striate cortex can be estimated with high precision from the cortical folding patterns along the calcarine sulcus in blind individuals (Jiang et al. 2009; Park et al. 2009). All
MRI 3D datasets were processed for landmark-based segmentation and surface reconstruction using the Freesurfer software
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Calculation of Primary Visual to Non-visual
Cortex Surface Area Ratio and BetweenSpecies Comparisons

ET = (ln (PC) − Constant )/Slope

Figure 5. Longitudinal MRI anatomical analysis in three sighted control ferrets
and three ferrets enucleated at P7. The visual cortical surface area is reduced in
the immature brain of P7 enucleated ferrets, compared with that in immature

Species-speciﬁc Constant and Slope parameters are given in
Table 2 of Workman et al. (2013) and on the translating time
website (www.translatingtime.org). PC at birth for rats = 21
days, ferrets = 41 days, and humans = 270 days.

brains of control ferrets. (a) Lateral (left) and medial (right) views of the right
hemisphere of a control ferret brain at ages P11, P18, P25, and P31. Gyri and
sulci appear as they do in a mature brain, which enables delineation of striate
visual cortex (red), as well as isocortex (yellow) boundaries following previously
established conventions (Bock et al. 2012). (b) VSAR plots of the average of the
left and right primary visual cortex surface area for three control (open symbols) and three BEP7 (black symbols) ferrets illustrating the reduction in surface
area in the BEP7 ferrets induced by the enucleation. (c) Plots for the same animals, as in b, but showing V1 surface area (mm2) expansion over time.

toolkit (http://freesurfer.net/) using the “recon-all” function
with default settings. A full description of the processing steps
is online: (https://surfer.nmr.mgh.harvard.edu/fswiki/recon-all).
Brieﬂy, each brain dataset is intensity normalized, afﬁne transformed to a Talairach atlas space, and skull-stripped. The
boundary between white matter and gray matter is determined
throughout the brain using intensity, neighborhood and
smoothness constraints. The space between the pial surface
and white matter boundary is then tessellated, and smoothed
to create a cortical ribbon. The cortical ribbon is then parcellated and neuroanatomical labels of brain areas are assigned to
each voxel based on probabilistic anatomic information and
gyral and sulcal landmarks (Dale et al. 1999; Fischl et al. 2002;
Fischl 2004). The primary visual cortex has been demonstrated
through cytoarchitectural analyses to be reliably identiﬁed by
gyral and sulcal folds (Fischl et al. 2008). The reconstructed
cerebral cortex surface and boundaries for primary visual cortex for each subject were reviewed by three study staff, blind to
the group assignment of the brain.

Statistical Analyses
The effects of visual deprivation on V1 surface area measured
at adulthood can be characterized by a linear function that
reﬂects the relationship between age at blindness onset and
the resulting reduction of V1 surface area at adulthood. We
deﬁne the event time, ETc, such that blindness occurring after
ETc no longer affects V1 surface area expansion. After ETc, V1
surface area should achieve the V1 surface area of adult SC
conspeciﬁcs, reﬂecting no further effect of blindness on V1 surface area. We estimated ETc for each species using a non-linear
piece-wise regression model. The model uses a two-segment
ﬁtting algorithm: a linear estimate of the best ﬁtting line to the
data with values less than 100% of adult VSAR and a ﬂat line
reﬂecting the values that do not differ from the mean of the
adult VSAR value. (i.e., the ET at which VSAR reaches 100% of
the adult VSAR). The piece-wise model is expressed as follows:

Percent of Adult VSAR = [(m*x + b|x < ETc), (100%|x > ETc)]
where (b) is the y-intercept, (m) is the linear regression slope, (x)
is age of blindness onset (expressed in ET), and (ETc) is the ET
at which VSAR reaches 100%. ETc denotes the event time at
which blindness onset no longer reduces V1 surface area (i.e.,
the measurement of VSAR is 100% of the adult control VSAR).
All analyses were carried out with R (https://www.r-project.org/)
using the nls function, and an iterative minimization of least
squares approach to ﬁnd the value of ETc.
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The surface area of V1 varies with the whole cortical surface of
the brain. Therefore, to control for the effect of inter-individual
variability in brain size on the V1 surface area, the V1 surface
area was quantiﬁed as a ratio of V1 surface area and the surface
area of the remaining cortical mantle (i.e., isocortex surface
area minus the V1 surface area). The V1 surface area ratio
(VSAR) from each experimental group can also be used to compare with the VSAR of sighted adults of the same species, providing an unbiased measure of the percentage of reduction in
surface area as consequence of age at blindness onset.
Speciﬁcally, to directly compare the effect of age at blindness
onset on surface area reduction of V1 across species, the VSAR
of each experimental group was expressed as the percentage of
the corresponding SC group (% VSAR = 100*VSARblind/VSARSC).
All data are expressed in a common developmental timeframe, using the “translating time” regression model developed
by Finlay and colleagues (Workman et al. 2013; see also, http://
www.translatingtime.org). This model provides a regression
equation that translates early neuro-developmental events into
species-independent ET that spans early brain development,
allowing for the prediction of 271 developmental events across
18 mammalian species. The parameters of ET and postconception (PC) age (in days) are related through the expression
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Results
The Effect of Age of Visual Deprivation Onset on Adult
Primary Visual Cortex Surface Area

Ferrets
In this species, most of primary visual cortex resides on the
caudal and medial part of the brain, and its borders can be
readily identiﬁed by sulcal landmarks (Fig. 2a) (see Materials
and Methods, and Bock et al. 2012). Figure 2b shows boundaries
used to estimate the V1 surface area in ﬁve animals enucleated
at BEP7 and in ﬁve SC animals. The ventral view shown in Fig.
2b highlights the fact that early enucleation reduces cortical
folding within primary visual cortex: the occipital-temporal sulcus, observed in adult SC animals (yellow arrows in Fig. 2b) is
not observed in adult ferrets enucleated at P7 (ET = 0.54). The
effect of enucleation on the area size of V1 was analyzed at
adulthood in ferrets enucleated at P7 (ET = 0.54), P20 (ET = 0.65),
and P31 (ET = 0.72) (Table 2). Relative to the size of area V1 in
SC ferrets, we observed that the surface area of V1 is reduced in
enucleated ferrets, with a graded effect of age of deprivation
similar to that observed in rats (Fig. 2c). The piece-wise regression demonstrated a strong linear association between age of
enucleation and percent of adult SC VSAR (adjusted R2 = 0.64),
indicating that enucleation ceases to affect the surface area of
V1 at ETc = 0.74, corresponding to postnatal age of 39 days.
Table 3 lists the regression model parameters and ﬁts of the
piece-wise regression models for enucleated and SC rats and
ferrets.
Table 4 Human surface area means by hemisphere.
V1 Surface
areaa
Group N
AN
EB
LB
SC
a

Event time Left

5
0.32
14
0.65
9 >1.0
23
–

Areas in mm2.

2027
1823
2006
2285

Cortex
surface areaa

% SC VSAR

Right Left

Right

2109
1993
2196
2612

89 298 83.90 77.58
78 982 87.62 83.63
79 657 97.18 91.80
86 878 100.00 100.00

90 447
78 703
77 726
86 793

Left

Right

Group
Rat: Enucleated
y-intercept
Slope
ETc
Adjusted R2
Rat: Sighted
y-intercept
Slope
ETdev
Adjusted R2
Ferret: Enucleated
y-intercept
Slope
ETc
Adjusted R2
All Species: Blind
y-intercept
Slope
ETc
Adjusted R2
All Species: Sighted
y-intercept
Slope
ETc
Adjusted R2

Parameter estimate

Standard error

T-value

52.17
54.66
0.86
0.69

3.57
4.81
0.05

17.46***
8.04***
18.47***

−26.37
119.64
1.056
0.76

13.27
15.36
0.04

−1.92
7.79***
27.08***

12.16
118.34
0.742
0.64

21.94
33. 46
0.056

0.55
3.34*
11.12***

23.87
95.28
0.75
0.53

8.72
16.08
0.08

2.73**
5.92***
9.38***

−50.75
152.75
0.91
0.57

19.75
26.08
0.39

−2.56
5.86***
22.92***

* 0.01, ** 0.001, *** < 0.001.

Humans
Human data came from of three groups of subjects blinded at
different ages. In one group, blindness was due to anophthalmia
(AN), in which the midbrain, diencephalon and cortex never
receive retinal input because retinal projections fail to develop.
We conﬁrmed the severe atrophy of optic nerves in the AN individuals with T1-weighted MR scans (Bridge et al. 2009). The early
blind group (EB) consisted primarily of individuals with ROP.
Unlike AN subjects, the midbrain, diencephalon and cortex of EB
subjects receive retinal input before the onset of blindness,
which occurs neonatally. The late blind (LB) group consisted of
individuals who, after relatively normal visual development, lost
their vision due to disease or accidents affecting the eyes at 7
years of age or later (Table 4). Data from one EB subject were discarded after noting the highly abnormal cerebral cortical surface
generated by Freesurfer, which upon visual inspection of the
input images, revealed artifacts consistent with substantial
motion during the MPRAGE scans.
Primary visual cortex and the whole cortical surface of a representative SC are shown in Fig. 3a. As in rats and ferrets, the
reduction of the VSAR in humans depends on the age of blindness onset (Fig. 3b). To characterize the differences between the
groups of blind individuals, we determined if the age of blindness onset produced a monotonic increase in VSAR. Based on
our rat and ferret data, we predicted that both AN and EB groups
would have smaller VSAR than the SC group, but the LB group,
due to blindness onset after surface area expansion was complete, would have similar VSAR values to the SC group.
However, because the precise age of onset could not be determined for AN and EB subjects, we analyzed the human data
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Rats
Figure 1 shows the ﬂattened-primary visual cortex of a SC rat
at P60 (Fig. 1a), and of a BEP12 rat (Fig. 1b), also sacriﬁced at P60,
illustrating the reduction in surface area as a consequence of
enucleation at P12. Figure 1c plots the percent of adult VSAR as
a function of the ET at which enucleation was performed. The
area size of V1 in rats BE on P0 (BEP0, ET = 0.43) through P45
(BEP45, ET > 1) are plotted as the percent of the mean adult SC
VSAR (all animals were sacriﬁced at P60). In adult SC rats, ~8%
of the cortical surface area is occupied by V1. In contrast, for
rats enucleated at P0 the surface area of V1 measured at maturity is reduced to roughly 6% of the cortical surface area, in
agreement with previous studies (Laing et al. 2012).
Early enucleation (e.g., BEP0, ET = 0.43) produced much
larger reductions in VSAR than later enucleations, with a strong
linear relationship between age of enucleation and percent
adult VSAR, over the measured age range (Fig 1c). Enucleation
age had a strong linear relationship to percent of adult VSAR
(adjusted R2 = 0.69) (Fig 1c). The estimated age when an effect
of enucleation on VSAR has concluded, ETc = 0.86, corresponds
to a postnatal age of 22.6 days in rats.

Table 3 Piece-wise regression parameter estimates of percent adult
VSAR by time of enucleation for Enucleated Rats, Sighted Rats (normal development of V1 size), Enucleated Ferrets, data combined
across species for blind and sighted animals.

The Effect of Onset Age of Visual Deprivation on Visual Cortex Surface Area Across-Species Andelin et al.
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out the effect of mere light exposure on V1 surface area in the
EB subjects.

with anophthalmia (AN), early-onset blindness (EB) late-onset blindness (LB)
and sighted controls (SC) (see Methods, for group details). (a) For a SC subject,
the region of cerebral cortex assigned to V1 is indicated by red areas. A ﬁducial
surface of each cerebral hemisphere is shown in the top row and the corresponding inﬂated surface is shown in the bottom row. (b) VSAR for AN, EB and
LB groups expressed as a percentage of SC VSAR for left (open circles) and right
(closed circles) hemispheres. Signiﬁcant VSAR reductions are observed in both
left and right hemispheres for AN, and in the right hemisphere EB, relative to
SC (*P < 0.05, corrected for multiple comparisons).

using non-parametric estimates of group differences, comparing
each of the blind groups to the SC group. The analysis was performed with the nparcomp package (Konietschke et al. 2015)
implemented in R (https://www.r-project.org/). The signiﬁcance
level was maintained at P < 0.05 across group comparisons. In
the AN group bilaterally, the VSAR was signiﬁcantly smaller
than in the SC group. In the EB group, VSAR was signiﬁcantly
smaller in the right hemisphere, but the reduction in VSAR did
not reach signiﬁcance in the left hemisphere of the EB group
compared with the SC group. As predicted, the LB group did not
differ signiﬁcantly from the SC group (Fig. 3b). We also compared
the groups’ isocortex surface area and found that the AN, EB,
and LB did not differ signiﬁcantly from the SC group, although
there was a trend toward a smaller surface area in the EB group
relative to the SC group (see Table 4).
A subset of EB participants had some residual light sensitivity or had a history of minimal light perception prior to onset of
complete blindness. To determine if minimal diffuse light sensitivity inﬂuenced surface area, we compared VSAR measurements between EB individuals with residual light perception
(n = 4, mean = 0.023 ± 0.004), to those without residual light
perception (n = 9, mean = 0.026 ± 0.004). For both subgroups of
EB subjects, the VSAR is approximately equal to the mean
VSAR for EB subjects overall (Table 4). There was a trend for
those EB with light perception to have a slightly larger VSAR
than those EB without light perception (Wilcoxon rank sum
test: Z = 1.778, P = 0.08). Therefore, we cannot completely rule

Early Blindness Attenuates Visual Cortex Expansion
The ﬁnding that the critical period for the effect of blindness
ends relatively early in the developmental timeline suggests
that the effect of visual deprivation on surface area might
result from attenuated expansion of visual cortex, rather than
by increasing the synaptic pruning that typically occurs at later
stages of development. However, because the effect of delayed
blindness onset was assessed at adulthood, after both expansion and pruning have taken place, it remains possible that
both processes contribute to reduced surface area at maturity.
To more directly examine whether early enucleation reduces
cortical expansion, we carried out longitudinal MRI measurements of VSAR during the expansion phase of cortical

Figure 4. Effect of age of blindness onset on the area size of V1. Data from blind
rat, ferret, and human groups reported in the current study ﬁt with a piecewise regression model. The piece-wise regression model of best ﬁt yields the
estimate of ETc = 0. 0.816 (vertical dotted line) as the event time at which blindness no longer affects the size of V1 surface area (adjusted R2 = 0.62).
Arrowhead indicates V1 peak synaptic density.
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Figure 3. Primary visual cortex surface area reduction in humans, associated

Rat–Ferret–Human Comparisons
Figure 4 combines our data on the effects of age of blindness
onset on the area size of V1 from rats (circles), ferrets (diamonds) and humans (inverted triangles). Each pointed is
weighted by the square-root of the sample size of the contributing observations. Unlike the experimental animal data, in
which the age at enucleation is known precisely, human blindness onset is rarely known precisely for AN and EB individuals
(Verma and Fitzpatrick 2007). For AN humans, we used PC78
(ET = 0.32) as the approximate time of blindness onset, which
corresponds to the ET in which optic axons reach the dorsal lateral geniculate nucleus in normal visual development. Severe
ROP, as was the case in our EB subject group, is detectable 4
weeks prior to the normal 40 week (PC = 270 days) gestation
period for humans, corresponding to a blindness onset age of
PC242 (ET = 0.62). In the LB group blindness occurred over a
broad age range well above the range of the ET scale; therefore,
these data were excluded from the graph. All but 2 LB subjects
were post-adolescent, and in the remaining two subjects, blindness occurred at ages 7 and 12, so it can be presumed that cortical expansion was virtually complete. As shown in Fig. 4, the
model ﬁt was good (adjusted R2 = 0.62), and the cross-species
ETc = 0.82, in good agreement with the ETc estimated for rats
and ferrets separately.
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Blindness Ceases to Affect the Surface Area of V1 Well Before
Expansion of V1 is Complete
Is expansion of visual cortex susceptible to the effects of blindness until V1 reaches its normal adult size? Answering this
question is important for understanding the role of visual input
in the maturation of visual cortex. In the rat, Duffy et al. (1998)
reported that V1 surface area expansion continues beyond P27,
past the age at which our data indicate that enucleation no longer affects the size of area V1 (P22.6, ETc = 0.86) (Fig. 1c). To
determine the end of the growth period, we measured the size
of V1 at P30 (n = 5), P35 (n = 5), and P60 (n = 6) in control rats
and plotted these data, and that from Duffy et al. (1998), in Fig.
6 (blue symbols). Application of the same regression model to
these developmental rat data lead to the estimation that the
event time corresponding to the conclusion of surface area
expansion, ETdev is 1.05. This result, together with our data
from the BE rats, indicates that blindness starting by ET = 0.86
no longer has a signiﬁcant effect on the expansion of V1 even
though V1 is still signiﬁcantly smaller (by about 25%) than its
adult size. Table 3 lists the regression model parameters and
signiﬁcance of the piece-wise regression models used for the
rat developmental data.
Analysis of Published Data in Other Species
In studies that provided a surface area measures of the isocortex as well as V1, we calculated VSAR as described above. For
studies in which isocortical surface area was not provided, we
calculated the ratio of surface area of V1 of the blind sample to
the average V1 surface area of adult sighted conspeciﬁcs.
Although this approach does not provide a bias correction for

Figure 6. Comparison of the effect of age of blindness onset on the area size of
V1 with the normal development of V1 in sighted rats. Data from the enucleated rats in Fig. 1c (black circles) are plotted with data from normally developing rats (blue circles) sacriﬁced at ages P11, P15, P20, and P27 replotted from
Duffy et al. (1998), and P30 and P35 collected in the present study. Because
Duffy et al. (1998) did not report measurements for the non-visual isocortex,
the surface area values for V1 were normalized by dividing them by the size of
V1 measured in the respective adult sighted control rats and the ratio was
expressed as % of adult size of V1 (blue Y-axis legend). Exact ages of the adult
rats in Duffy et al. (1998) were not speciﬁed, but were set at P69 (ET > 1.2). ETdev
is the estimated ET at which V1 surface area reaches adult size.

individual differences in total cortical surface area, evidence
suggests that enucleation does not induce changes in total cortical surface area (e.g., Rauschecker et al. 1992; Bock et al. 2012;
Laing et al. 2012). Our analysis included histological studies in
rhesus macaques (Rakic et al. 1991; Dehay et al. 1996), rats
(Sugita and Otani 1984; Laing et al. 2012), ferrets (Reillo et al.
2011), short-tailed opossum (Karlen and Krubitzer 2009), cat
(Olavarria and Van Sluyters 1995), as well as MRI-based measurements in blind human subjects of the area size of V1 (Park
et al. 2009), or of a pericalcarine area around V1 (Jiang et al.
2009). A piece-wise regression was performed on all data, with
each data point weighted by the square-root of the sample size
used to estimate that data point. In agreement with our present
results, this analysis suggests the existence of a graded dependence of the surface area of V1 on the age of blindness onset
that is consistent across species, yielding an ETc = 0.75 (Fig. 7,
black symbols).
In a similar manner, extant data on the development of the
area size of V1 in sighted individuals can also be directly compared with the present ﬁndings. Such data include studies in
rats (Duffy et al. 1998), cats (Duffy et al. 1998; Rathjen et al. 2003),
macaques (Rakic et al. 1991; Purves and LaMantia 1993; Dehay
et al. 1991, 1996; Horton and Hocking 1998), and humans (Lyall
et al. 2015). These data on surface area maturation in normal
development yields an estimated value of ETdev = 0.91 (Fig. 7
blue symbols), well after the estimated value of ETc = 0.75
obtained for effect of visual deprivation on surface area of V1.
Thus, the analysis of published data on the development of the
area size of V1 from a variety of mammalian species supports
our observation that the effect of visual deprivation ceases its
effect on V1 surface area expansion prior to the normal completion of V1 surface area expansion. Additionally, ETc also precedes the peak synaptic density in V1, which occurs at ET = 0.86,
corresponding to postnatal day 23 in rats, postnatal day 58 in
ferrets, and postnatal day 332 in humans (Workman et al. 2013).

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhy315/5252085 by 81225740 user on 04 April 2019

maturation, from P11 (ET = 0.57) through P28 (ET = 0.70), in
three ferrets enucleated at P7 (ET = 0.54) and three SC ferrets.
Figure 5a illustrates that by age P11, gyral and sulcal folds,
although rudimentary, provide sufﬁcient information to delineate striate (red borders) and isocortical (yellow borders)
boundaries using the methods applied to adult brains (see
Materials and Methods, and Bock et al. 2012). By P25, these
landmarks are highly similar to the pattern observed in adult
brains. Figure 5c shows that, over the period from P11 through
P28, striate cortex in the control animals (open symbols)
expands linearly at a rate of 2.5 mm2/day. Differences between
BEP7 (closed symbols) and SC animals are apparent by P14 (ET
= 0.6), 1 week following enucleation. Figure 5b illustrates that
VSAR of the immature cortex is signiﬁcantly reduced in BEP7
animals compared with controls (Z(4) = 1.964, P = 0.05). Similar
ﬁndings occurred in a cross-sectional analysis performed on
postmortem tissue for separate groups of three BEP7 ferrets
(VSAR = 0.816) and three SC ferrets (VSAR = 0.944) at P31, again,
indicating signiﬁcantly reduced VSAR in the BEP7 animals compared with SC ferrets (P = 0.009; data not shown). Notably,
VSAR in the BEP7 animals measured prior to P31 was 77% of
the VSAR in SC animals in the longitudinal measurements, and
85% for animals assessed at P31 in the postmortem analysis,
which corresponds well with the 75% of SC VSAR observed in
mature ferrets enucleated at P7 (Fig. 2). Thus, the effects of
early enucleation are similar in magnitude regardless of
whether measurements are made at P14 (ET = 0.6), or in the
adult animal. This strongly suggests that perturbed cortical
expansion, rather than enhanced pruning, is the primary
mechanism underlying reduced V1 surface area in visually
deprived animals.

The Effect of Onset Age of Visual Deprivation on Visual Cortex Surface Area Across-Species Andelin et al.

size of V1 and the development of V1 area size in normal, sighted individuals.
Our current data on the effect of blindness (open symbols), presented in Fig. 4,
are plotted together with data from published studies on the effect of blindness
on the size of V1 in different species (black symbols). Our data for the development of the area size of V1 in normal, sighted rats presented in Fig. 6 are plotted together with data from published studies on the development of V1 area
size in different species (blue symbols, and blue Y-axis legend). The black and
blue segmented regression lines were weighted by the sample size (either one
or several cases) for each data point. Dashed horizontal line corresponds to
100% of sighted control VSAR, while dotted vertical lines indicate the intersection points marking the event times for the estimated ETc = 0.75 (adj. R2 =
0.53), and ETdev = 0.91 (adj. R2 = 0.56). These event times indicate the end of the
critical period for the effect of enucleation on the area size of V1, and the event
time at which area V1 reaches its normal adult size in sighted individuals,
respectively. This inter-species comparison conﬁrms our observation that
blindness ceases to affect the surface area of area V1 well before expansion of
V1 is complete, and extends it to many mammalian species. Extant data on the
effect of visual deprivation on the size of V1 come from histological studies in
rhesus macaques (Rakic et al. 1991; Dehay et al. 1996), rats (Sugita and Otani
1984; Laing et al. 2012), ferrets (Reillo et al. 2011), short-tailed opossum (Karlen
and Krubitzer 2009), cat (Olavarria and Van Sluyters 1995), as well as MRI-based
studies of blind human subjects (Jiang et al. 2009; Park et al. 2009). Extant data
on the development of the area size of V1 in sighted individuals include studies
in rats (Duffy et al. 1998), cats (Duffy et al. 1998; Rathjen et al. 2003), macaques
(Rakic et al. 1991; Purves and LaMantia 1993; Dehay et al. 1991, 1996; Horton
and Hocking 1998), human (Lyall et al. 2015).

Discussion
A wide variety of studies in both animals and humans have
reported that early blindness results in reduced V1 surface
area. However, the conclusion of the critical period for this
effect, and its relationship to cortical expansion, has not previously been systematically compared among species. Here, we
show that the conclusion of the period of susceptibility to
blindness as a function of age of deprivation is remarkably consistent across species once data have been represented in a
common developmental event-time framework (Workman
et al. 2013). This critical period spans early to mid-cortical
expansion, and ends before cortical expansion is complete, and
well before cortical pruning begins. The increase in visual cortical thickness secondary to blindness reported by Bridge et al.
(2009), as well as by other studies (Jiang et al. 2009; Park et al.
2009; Anurova et al. 2015), is thought to reﬂect a reduction in
synaptic pruning. In this context, our results raise the possibility
that V1 cortical thickness is regulated by biological processes
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different from those governing V1 surface area. Analyzing the
developmental trajectory of changes in cortical thickness caused
by visual deprivation may help address this issue. In macaque
monkeys, the effects of enucleation on the area size of V1 have
been linked to the partial re-speciﬁcation of striate cortex into
hybrid cortex, named area X (Rakic 1988; Rakic et al. 1991), but
this mechanism does not appear to be general across species.
For instance, studies in anophthalmic (Bravo and Inzunza 1994)
and enucleated rats (Laing et al. 2012), and enucleated ferrets
(Bock et al. 2012) report a reduction of the area size of V1 without
a re-speciﬁcation of striate cortex, nor enlargement of extrastriate areas. The effects of enucleation on the size of visual cortex
have also been linked to disruption of normal, prenatal thalamic
inﬂuences on cortex development (Rakic 1988; Dehay et al. 2001;
Dehay and Kennedy 2007; Reillo et al. 2011; Moreno-Juan et al.
2017).
Analysis of the results presented here indicate that enucleations performed at or after postnatal day P22 (ET = 0.86) in the
rat, and P33 (ET = 0.74) in the ferret cease to affect the surface
area expansion of V1. In humans, reductions in surface area
were observed for both AN (ET = 0.32) and in the right hemisphere of EB (ET = 0.62) groups as compared with SC, and these
reductions were similar in magnitude to those found in animal
models. However, the VSAR in the LB group did not differ signiﬁcantly from the SC group. Since blindness in the LB group
occurred at ages corresponding to ET far greater than one, we
could not determine with accuracy the end of the critical period
for V1 surface area reductions in humans. A meta-analysis in
which we combined our data from rats, ferrets and humans
with animal and human data from previous studies, indicates
that the end of the critical period for the effect of blindness on
the area size of V1 is reached at ETC = 0.75. In humans, this
suggests that blindness would be expected to inﬂuence the surface area of V1 only if the onset occurs before P116. Given that,
in visually normal individuals visual acuity is correlated with
cortical surface area (Duncan and Boynton 2003), this result has
interesting translational implications in cases of sight recovery.
For example, a study examining individuals who suffered from
congenital cataracts until the ages of 8–17 years of age found
severe acuity losses, even many months after surgery (Kalia
et al. 2014). It is possible that losses in V1 surface area are
related to these impairments in pattern vision.
Although this study was not designed to determine the age
at which retinal input begins to inﬂuence the expansion of
visual cortex, available information suggests that this occurs
before P4 (ET = 0.53) in the rat (Laing et al. 2012), and P7 (ET =
0.54) in the ferret (Reillo et al. 2011; Bock et al. 2012). In
macaques, Rakic et al. (1991) and Dehay et al. (1996) reported
that the effects of BEP on the size of V1 remains about the
same for enucleations performed at ET = 0.334, 0.355, and 0.393
(Fig. 7, black squares). In contrast, the reduction in the size of
V1 was signiﬁcantly smaller for enucleation performed at ET =
0.445 (Dehay et al. 1996), suggesting that retinal input starts
inﬂuencing the size of V1 sometime between ET = 0.393 (PC 68)
and ET = 0.445 (PC 77). Retinal axons reach the LGN by ET =
0.319, and axons from the LGN synapse onto subplate neurons
of the developing primary visual cortex between ET 0.3 and 0.53
(Workman et al. 2013). Thus, consistent with previous studies
of the role of thalamic afferents during cortical development
(Rakic 1988; Dehay et al. 2001; Dehay and Kennedy 2007; Reillo
et al. 2011; Moreno-Juan et al. 2017), the age at which retinal
input starts inﬂuencing the area size of V1 in macaques, and
perhaps other species, may correlate with the arrival of thalamic axons in visual cortex, and formation of synapses.
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Figure 7. Inter-species comparison using a common developmental event-time
scale (Workman et al. 2013) of the effect of age of blindness onset on the area
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The Effect of Blindness on Surface Area Ends Before
Cortical Expansion is Complete

The Neuro-developmental Context for the Effects of
Visual Deprivation on Surface Area
The use of a common developmental event-time framework
permits the cross-species comparison of the conclusion of the
critical period for the effect of visual deprivation on cortical
surface area. Enucleation in rats and ferrets, or blindness onset
in humans at ETs 0.25, 0.5, or 0.7 (see Fig. 7), are associated
with primary visual cortical surface areas at maturity that are
~50%, 70%, or 90% of the surface area of primary visual cortex
in normally-SC, respectively. At ET 0.25, retinal axons have
begun to form the optic tract, but their terminals do not reach
the lateral geniculate nucleus until an event time of 0.319
(Workman et al. 2013). Thalamic axons from the LGN inﬂuence
mitogenic activity within subcortical lamina of the occipital
lobe (Dehay et al. 2001; Dehay and Kennedy 2007; Reillo et al.
2011), and synapse onto subplate neurons of the developing
primary visual cortex between ET 0.3 and 0.53 (post-conception
age 28 to P6 in the ferret) (Johnson and Casagrande 1993;
Herrmann et al. 1994). According to Reillo et al. (2011), a special
type of progenitor cells leads to the generation of a class of glial
cells that promote tangential dispersion of radially migrating
neurons, and thereby facilitates growth in surface area of the
cortical sheet. Disruption of the thalamic afferents through
early enucleation in ferrets at P2 (ET = 0.49) reduces the density
of these progenitor cells which in turn is associated with a
reduction in cortical surface area (Reillo et al. 2011). Thus, the
~30% reduction in visual cortex surface area observed in early
enucleated animals (Figs 1 and 2) and anophthalmic subjects
(Fig. 3), who are deprived at the equivalent of ET 0.32 or earlier,
is consistent with the idea that visual deprivation reduces cortical surface area by interfering with the effect of these progenitor cells on surface area expansion. At an ET of 0.5, retinal
axons innervate the thalamus; thalamic axons have synapsed
with subplate, but not layer IV neurons. Neurogenesis of cortical neurons is essentially complete, but intra-cortical synaptogenesis has yet to begin, and the eyes have not yet opened
(Workman et al. 2013). Human EB individuals were deprived of
retinal input beginning approximately in the second half of
human gestation (ET = 0.62). At this ET myelination of the optic
radiations is complete, and myelination of the optic tract is
underway. Thus, the effects of spontaneous neural activity in
the retina and LGN are likely to inﬂuence maturation of the
cerebral cortex in the early blind group to an extent. It is possible that prenatal thalamic waves (Moreno-Juan et al. 2017) acting directly, or through the release of diffusible factors (Dehay
et al. 2001; Dehay and Kennedy 2007), regulate the increase of
cortical area size during development. Within cortex, synaptogenesis as well as differentiation of individual cortical layers is
underway. It remains to be seen whether the effects seen in EB
subjects and animals enucleated later in development simply
reﬂect the asymptotic effects of cortical tangential expansion,
or whether the smaller reduction in visual cortex size observed
in these individuals also involves perturbation of the initial
formation of visual cortical circuits.

Human versus Animal Data
One limitation of studies examining the effects of visual deprivation on cortical anatomy in humans is that it is extremely
difﬁcult to systematically examine the effects of age of
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The period during which the surface area of V1 is susceptible to
blindness is relatively protracted compared with other critical
periods in cortical development. For example, the critical
period for the effect of visual input on corticocortical connection patterns in rats is conﬁned to an approximately 2-day time
interval from P4 to P6 (ET = 0.53–0.58) (Olavarria et al. 1987;
Olavarria and Hiroi 2003; Laing et al. 2012). Similarly, in ferrets,
the period in which the pattern of visual callosal connections is
susceptible to enucleation ends during the third postnatal
week (ET = 0.65) (Bock et al. 2012). In contrast, our estimate of
the end of the critical period for surface area is ETc = 0. 74, suggesting that visual input continues to regulate the size of visual
cortex well after the corticocortical connections of visual cortex
have been speciﬁed. Cortical expansion occurs relatively late in
the neuro-developmental timeline compared with the establishment of corticocortical connections. For example, while corticocortical connections in rats appear mature by P12 (ET =
0.69) (Olavarria and Van Sluyters 1985), the area of V1 reaches
its adult size more than two weeks later. In rats, we found that
V1 reaches its adult size by P40 (ET = 1.05). This result is in
good agreement with data for the growth of V1 in the cat (Duffy
et al. 1998) showing that by 12 weeks of age (ET = 0.97) the areal
extent of V1 is adult-like. Thus, visual input regulates multiple
aspects of cortical development through mechanisms that
operate during different time windows. Similarly, in ferrets, the
critical period for the effect of enucleation on the area size of
V1 ends by P33 (ET = 0.74), but normal cortical expansion continues at least until P59 (ET = 0.87, unpublished ﬁndings). In
humans, cortical expansion is even more prolonged; cerebral
cortex reaches ~95% of its adult volume by 6 years of age (Giedd
et al. 2015). Our present analysis suggests that the critical
period for visual deprivation ends by ETc = 0. 75, corresponding
to approximately postnatal Week 17 in humans. Thus, visual
cortical expansion seems to consist of an initial stage that is
susceptible to visual deprivation, and a later stage during
which expansion is largely independent of ongoing visual
input. Our meta-analysis including data from previous studies
in other species suggests that these results can be generalized
to many mammalian species.
One potential consequence of cortical expansion occurring
relatively late in the developmental timeline is that it may
allow the speciﬁcation of V1 intra-cortical connections to
match the statistics of visual input. Some aspects of visual
development are surprisingly slow to reach a mature state. For
example, human foveal development, reﬂected by cone packing
density and foveal diameter does not reach adult measures
until sometime after 45 months postnatal (Yuodelis and
Hendrickson 1986). In visually normal individuals there is a
2- to 3-fold variation in the size of the optic tract, the volumes
of the magnocellular and parvocellular layers of the LGN, and
the surface area and volume of V1. Importantly, this variation
is coordinated within the visual system of any one individual.
That is, a relatively large V1 is associated with a commensurately large LGN and optic tract, whereas a relatively small V1
is associated with a commensurately smaller LGN and optic
tract (Andrews et al. 1997). These variations seem to inﬂuence
visual performance: visual acuity is correlated with cortical surface area (Duncan and Boynton 2003), both as a function of
eccentricity, and across individuals. This relationship across
the hierarchy of the human visual pathway suggests that the
development of its different parts is interdependent (Andrews

et al. 1997), and may explain why cortical expansion occurs relatively late in the neuro-developmental timeline.
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deprivation in the human population. While it is possible to
ﬁnd relatively homogenous subject groups affected with
anophthalmia or early blindness, it is essentially impossible to
examine the effects of age within prenatal development, and
extremely challenging to ﬁnd a subject group where deprivation systematically spans early childhood development.
Another limitation of human studies is that visual deprivation results from a variety of pathologies that differ widely both
in disease mechanism (e.g., photoreceptor disease vs. optic
nerve damage) and in the extent of visual deprivation (no retinal signals vs. light perception). Thus, while blindness in the
rats and ferrets in this study was induced by BEP, within our
human populations, most individuals maintained at least some
retinal projections. Indeed, ﬁve of the EB subjects and most of
the LB subjects had low light perception (but no form perception) (Supplementary Table S1). It should also be noted that,
due to the etiology of blindness, the timing of blindness onset
could not be determined with precision in many EB and LB
cases. Perhaps surprisingly, the presence of residual light perception did not seem to inﬂuence cortical surface area in EB
individuals. No signiﬁcant difference in cortical surface area
was found across the EB individuals with and without light perception. Moreover, when projected onto a common developmental timeline, EB individuals showed similar magnitudes of
reductions in surface area as observed in enucleated animals.
This failure to ﬁnd a difference between enucleation and light
deprivation due to photoreceptor loss suggests that the mechanisms underlying later tangential expansion can be disrupted
by loss of pattern vision, as well as by the absence of the
retino-LGN-V1 projection.
Translating data from several species into a common developmental time scale revealed a striking similarity across species both in the size of the reduction of surface area, and in the
relationship between the graded reduction in visual cortical
surface area and the age of blindness onset. This allowed us to
estimate that visual deprivation starting at ETc = 0.75 no longer
affects the surface area of V1. In humans, this event time corresponds to postnatal Day 116. We also found that the critical
period for the effect of visual deprivation ends long before cortical expansion is complete. Efforts to conﬁrm these ETs for
humans will require ﬁnding subject groups whose blindness
onset spans early childhood development, including the ﬁrst
year of life.
In conclusion, our ﬁndings suggest that visual deprivation
disrupts mechanisms that inﬂuence early stages of cortical
expansion. In humans, the critical period for the effect of visual
deprivation on visual surface area ends near the ﬁrst year of
life, suggesting that the age of deprivation may play a signiﬁcant role in anatomical speciﬁcation up to that age. Thus, this
critical period may have translational importance when considering the likely success of sight recovery procedures in individuals blinded before the ﬁrst year of life. Visual deprivation
during later stages of cortical expansion, or during cortical
pruning had little or no effect on V1 surface area. No signiﬁcant
difference was found between EB individuals with light perception and those without, suggesting that, at postnatal stages, it
is the absence of patterned vision that is important. Further
work will be needed to understand the mechanisms by which
loss of visual input disrupts V1 cortical expansion, and why
their inﬂuence ceases before expansion of V1 is complete.
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