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Cognitive neuroscience seeks to discover how cognitive functions are imple-
mented in neural circuits. Studies of plasticity in blindness suggest that this
mind-brain mapping is highly flexible during development. In blindness, ‘visual’
cortices take on higher-cognitive functions, including language and mathemat-
ics, becoming sensitive to the grammatical structure of spoken sentences and
the difficulty of math equations. Visual cortex activity at rest becomes synchro-
nized with higher-cognitive networks. Such repurposing is striking in light of the
cognitive and evolutionary differences between vision, language, and mathe-
matics. We propose that human cortices are cognitively pluripotent, that is,
capable of assuming a wide range of cognitive functions. Specialization is
driven by input during development, which is itself constrained by connectivity
and experience.

‘The child who methodically adds two numbers from right to left, carrying a digit
when necessary, may be using the same algorithm that is implemented by the
wires and transistors of the cash register in the neighborhood supermarket . . .’
Vision, 1982, David Marr

Blindness As a Window into Cortical Specialization

David Marr famously pointed out that the same cognitive task can be implemented by different
neural and non-neural hardware. The brain of a 6-year-cld and a cash register both implement
arithmetic [1]. The flip side of this question remains a fundamental puzzle: What are the limits of
functional flexibility in the human brain? Can the same tissue implement radically different
cognitive functions? Alternatively, is the function of cortical areas specified by intrinsic physiol-
ogy from birth? Blindness and deafness offer unique insights into these questions because they
represent a change in ‘species typical experience’. In a seminal article, Greenough et al. (1987)
[2] distinguished between two ways in which information from the environment causes neural
change. One is the familiar sort of learning that humans undergo throughout their lifetime, such
as learning how to drive a car, acquiring new words, or learning to recognize new faces. Such
learning varies widely across species members (i.e., any two people know different subsets of
faces). The other is experience that is nearly ubiguitous across individuals, such as binocular
vision from two eyes, exposure to faces in general, the presence of sound in the environment,
and for humans, exposure to language and social interactions. Such experiences form the very
fabric of our early lives and are a potent and yet at times invisible force in organizing the
developing mind and brain. Sensory loss early in life is a large-scale, yet selective change to
such species’ typical experience. As such, it provides insights into how experience contributes
to functional specialization of cortex during development.

Studies of blindness have long been an impetus in expanding thinking about cortical flexibility.
Early investigations with dark reared animals and blind humans showed that visual cortices can
become more responsive to auditory and tactile stimulation, demonstrating for the first time that
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experience can change the sensory modality that drives a cortical region [3-5]. In the present
article, | argue that another surprising phenomenon in blindness motivates revising models of
human brain development and plasticity: in blindness, visual cortices come to participate in
higher-cognitive functions, such as language and symbolic numerical processing [6-12]. We
hypothesize that in the absence of bottom-up visual input from the lateral geniculate nucleus,
input from higher-cognitive networks dominates activity in the developing visual cortex and
causes it to take on higher-cognitive functions (Figure 1; see Box 1 for white matter pathways to
visual cortex that could carry higher-cognitive information).

Recruitment of visual cortices for language and mathematical reasoning is striking in light of the
cognitive and evolutionary differences between vision and these higher-cognitive domains.
Whereas vision is analogical, language relies on discrete symbols. Unlike vision, language is
uniquely human. Also unlike vision, math depends on cultural learning. Mathematical sophisti-
cation varies widely across individuals and depends on language as well as explicit teaching.
Such drastic functional repurposing motivates us to rethink the idea that intrinsic physiology
slates cortical areas for a particular cognitive function or even a range of similar cognitive
functions. Blindness reveals the potent role of experience in determining the functional con-
sequences of anatomical predispositions. Experience can do more than modifying the sensory
modality that drives a cortical area: it can drastically change its cognitive role.

Based on these findings we propose that at birth, human cortical areas are cognitively
pluripotent: capable of assuming a broad range of unrelated cognitive functions. The cognitive
content represented and processed by a cortical area is determined by the information it
receives during development. In this framework, the intrinsic physiology of a region (including its
microcircuitry and long-range connectivity) creates computational predispositions, but does
not specify a coherent cognitive role, just as the hardware specifications of a computer do not
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Figure 1. Mechanisms of Plasticity in Blind Visual Cortex. (A) Schema of competition between visual, sensory, and
higher-cognitive information in ‘visual’ cortices of blind individuals. Arrow thickness represents input efficacy to visual cortex,
which is determined in part by strength of anatomical connectivity but is also influenced by timing and coordination of activity.
Visualinput comes from the lateral geniculate nucleus (LGN), auditory from A1 (or auditory thalamus), and somatosensory from
S1 or somatosensory thalamus. Note that these are the logically possible source of input. The presence of S1 input to visual
cortex has not been established nor have inputs from the auditory or somatosensory thalamic nuclei (Box 1). (B) Right panel
depicts two different types of information [higher-cognitive (top) and sensory (bottom)] that could reach visual cortices in
blindness and how this information is segregated within visual cortices. Bottom schematic shows sensory information input
from primary auditory (green) and primary somatosensory (yellow) cortices. The top panel depicts higher-cognitive input from
language networks (light purple) and number network (dark purple). Recent evidence suggests that information within visual
cortices is segregated along higher-cognitive dimensions (i.e., language vs. number). Whether segregation exists along
sensory lines is not known.
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Box 1. Long-Range Connectivity of Visual Cortex and lts Relationship to Plasticity

Even in sighted humans, nonvisual information reaches the visual system as evidenced by the fact that visual processing
in occipital cortices is influenced by tactile and auditory stimuli as well as task goals and attention [88]. This implies
existence of anatomical tracts that carry nonvisual information to visual cortices in sighted and blind humans alike. In
principle, information could come from nonvisual thalamic sensory nuclei (e.g., auditory medial geniculate nucleus),
other sensory cortices (A1, S1), or amodal/polymodal systems [20]. Current understanding of anatomical tracts that
carry information into the human visual cortex is incomplete as a result of methodological limitations on measuring
connectivity [89]. Nevertheless, to the best of our knowledge there are more connections between the visual cortices
and amodal/polymodal systems than direct connections between visual cortices and other sensory systems. At
present, there is no evidence of projections from nonvisual sensory thalamic nuclei to visual cortices in primates,
nor evidence of direct projections from early somatosensory cortices [90]. There are direct projections from A1 to V1 and
V2 in the macaques. However, these are outnumbered by projections from amodal/polymodal areas [67,91]. Polymodal
regions of the parietal, temporal and, to a lesser degree, frontal cortices project to various levels of the visual hierarchy
[67,92-94]. For example, in macaques MT and V2 receive projections from parietal cortex, V4 from anterior portions of
the inferior temporal lobe and the frontal eye fields, and V1 from polymodal superior temporal cortices [66,92,95-98].

We hypothesize that in blindness numerical and spatial information reaches the visual system from the parietal cortex.
Dorsal stream visual areas (e.g., MT) are thus more likely to receive such information because they have stronger parietal
connectivity [72,99]. Linguistic information could reach visual cortices either via temporal or frontal areas. For example,
the VWFA in the occipitotemporal cortex has strong anatomical connectivity to retinotopic visual cortices on the one
hand and frontotemporal language networks on the other, even prior to literacy [100]. In blindness, the VWFA could
serve as a gateway for linguistic information to enter the visual system. In addition, superior temporal cortices could send
linguistic information directly to retinotopic visual cortices [34,35]. Finally, prefrontal cortex is connected with occipital
cortices by the fronto-occipital fasciculus in humans [101]. Furthermore, the arcuate fasciculus, which connects
prefrontal and temporal language regions, reaches into posterior aspects of the temporal lobe in humans [102]. Failure
to prune posterior branches of the arcuate in blindness could facilitate transfer of linguistic information to secondary
‘visual' areas.

uniguely determine the content of its software. Long-range connectivity plays a particularly
important role in constraining function because it determines the range of networks that send
informationto a cortical circuit [13]. But ultimately, itis theinformation transmitted and notthe wires
themselves that cause specialization. As a result, it is possible for the occipital cortices to support
visual perception in those who grow up with vision, and higher-order cognitive functions in those
who grow up without sight. In the following sections, | begin by describing previous theories of
cortical specialization that were motivated by studies of cross-modal plasticity. | then lay out
evidence for the pluripotency hypothesis and end with some predictions.

Evidence for Functional Modification of Cortex from Cross-Modal Plasticity
The human brain has a characteristic structure to function mapping that is highly consistent
across individuals. Cytoarchitecture and connectivity change across the cortical sheet in a
systematic way across individuals and so does function [13]. Distinct networks support
functions such as auditory pitch perception, visual localization, and linguistic processing.
We can describe the function of any given cortical region in terms of its preferred sensory
modality (e.g., visual, auditory, tactile, no preference) and its preferred cognitive domain (e.g.,
motion, shape, location, numerosity, language). A natural assumption based on the typically
high consistency of this structure to function mapping is that structure and function are
inextricably linked. Early investigations of blindness and deafness showed, however, that
the preferred sensory modality that drives cortex can be changed by experience [3]. In blind,
but not sighted participants multiple ‘visual’ areas, including V1, are highly active during Braille
reading, less active during active touch with nonmeaningful tactile patterns and least during
passive touch [4], and are active during sound localization [14].

These early studies of cross-modal plasticity loosened the link between structure and function
but they did not break it. Since cross-modal plasticity was first discovered, the prevailing view
has been that in blindness visual cortices take on sensory functions that are akin to vision, such
as fine-grained tactile discrimination and auditory localization [4,14]. According to this view,
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blindness changes the source of sensory input to visual cortices (from vision to touch and
audition), but the cognitive function (e.g., shape recognition) performed by a given ‘visual' area
is preserved [15-19]. Blindness is said to unmask or strengthen input to visual cortices from
nonvisual sensory thalamic nuclei (e.g., auditory medial geniculate nucleus), primary sensory
cortices (e.g., A1), or top—down regions that convey sensory information (parietal cortex
conveys somatosensory input to visual areas) [20,21]. The visual cortices then compute similar
operations over this input as they would have done over input from the visual lateral geniculate
nucleus. An influential formulation of this idea is the metamodal hypothesis according to which
cortical regions have intrinsic modality-independent functions (e.g., shape processing, spatial
localization) [17]. For example, the ventral occipitotemporal cortex is thought to be intrinsically
predisposed to process shape and can do so based on input from vision (sighted), touch (blind),
and even from sound through sensory substitution [16], so long as shape information is
conveyed. While no specific anatomical mechanism is postulated, the metamodal account
assumes that cognitive functions are ‘built into’ cortical areas, whereas modality preferenceis a
product of input.

The metamodal hypothesis generated a stream of fruitful inquiry because it makes testable
predictions: The cognitive functions assumed by visual cortices in blindness should be analo-
gous to visual functions in the sighted and the functional specialization within visual cortices of
blind individuals should follow that of the sighted. For example, visual regions that process
shape in the sighted will continue to process shape in blindness, whereas those specialized for
motion will continue to process motion. This prediction follows directly from the claim that areas
have intrinsic cognitive roles but flexible modality preferences. A considerable number of
studies are consistent with these predictions. Visual cortices of blind individuals are active
during various vision-related tasks including tactile discrimination, auditory localization, and
motion perception, and functional specialization resembles that of sighted adults [22-27].
Perhaps the most well-documented example is the middle temporal motion complex (MT). In
sighted primates MT plays a key role in visual motion processing [28-30]. In blindness, MT
responds preferentially to moving auditory and tactile stimuli [24,31,32]. Other examples of
preservation include activation of the visual ‘where’ pathway when blind participants localize
sounds, recruitment of the ‘visual word form area’ (VWFA) for Braille reading, and recognition of
letters presented through auditory sensory substitution as well as activation of medial ventro-
lateral occipitotemporal cortex (i.e., the parahippocampal place area) when blind individuals
hear names of places [23,27,33-37]. These studies are consistent with the idea that cortical
areas have an intrinsic, albeit modality independent, cognitive function, which is preserved in
cross-modal plasticity.

Evidence for Pluripotency: Higher-Cognitive Functions in Visual Cortices

An ever-growing body of evidence suggests, however, that much of the functional reorgani-
zation in the visual cortices of blind individuals does not preserve their underlying function.
Retinotopic visual cortices of congenitally blind individuals are active during various language
tasks. As noted above, visual cortices are involved in Braille reading, including reading words
and sentences [3,4,11,12,38]. This could be because visual cortex is involved in fine-grained
tactile discrimination of Braille dots [22]. However, visual cortices also respond to spoken
language. Visual cortices are active when congenitally blind participants make semantic or
phonological decisions about single words, generate semantically relevant verbs to heard
nouns, and listen to spoken sentences [8,9,11,39,40]. Responses to spoken language are
present in visual cortices of blind children by 4 years of age and are unrelated to Bralille literacy
[41]. Activity is observed within the pericalcarine cortex (the anatomical location of V1), as well
as throughout the visual hierarchy, including in the lateral and ventral occipitotemporal cortices
and medial extrastriate areas [7,8,42] (Figure 2). Although visual cortex responses to spoken
language could be related to low-level auditory processing of speech, there is ample evidence
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that this is not the case. Visual cortices are active even when blind participants recall words from
long-term memory, in the absence of any overt stimulation [43]. Crucially, responses to spoken
language in visual cortices are modulated by the grammatical and semantic properties of linguistic
stimuli. Activity is greater for stimuli that have meaning (i.e., larger for lists of words than for lists of
nonwords) and grammatical structure (larger for sentences and Jabberwocky than for lists of
words ornonwords) [7,8]. In this regard, the functional profile of visual areas mirrors the responses
of classic language regions in frontotemporal cortices. Perhaps most remarkably, visual cortices
are sensitive to subtle manipulations of grammatical structure. For two sentences with nearly
identical meanings and words, the sentence that is more grammatically complex (i.e., has a
syntactic movement dependency) produces larger responses [8,44]. This finding suggests,
among other things, that visual cortex responses to language are not related to imagery, since
the grammatically complex sentences are no maore imageable. Among blind participants, those
who show the largest visual cortex responses to grammatical complexity (complex > simple) also
show superior performance at answering comprehension questions about the complex senten-
ces [44]. None of the aforementioned effects are observed in visual cortices of blindfolded sighted
controls. These findings demonstrate that information processed by visual cortex during language
tasks is symbolic and abstract, rather than spatial or sensory.

One possibility is that language invades visual cortex because of some previously unrecognized
functional homology between language and vision. Contrary to this idea, there is evidence that
language is not the only higher-cognitive function that colonizes the visual cortices of blind
individuals. Visual cortices are involved in memory tasks and the amount of activity is predictive
of performance outside the scanner [43,45-47]. Furthermore, a subset of visual cortices is
recruited for numerical processing [6]. Visual cortices of blind but not sighted individuals are
active while solving auditory math equations and activity increases parametrically as the
equations become more difficult. Crucially, visual cortex responses to number are anatomically
separate from responses to language. Number-responsive regions are sensitive to math
equation difficulty, but not to the grammatical complexity of sentences and the opposite
pattern is observed in language-responsive regions (Figure 3A) [6,48]. These studies demon-
strate that in blindness, multiple different higher-cognitive functions colonize visual cortices and
there is regionalization within visual cortex along higher-cognitive dimensions (Figure 3).

Additional support for the idea that visual cortices are involved in higher-cognition comes from
studies that measure spontaneous correlations of BOLD signal at rest. Many physiclogical
factors affect such correlations, including vascular oscillations [49,50]. However, brain areas
with strong anatomical connections and similar functions, such as the right and left motor
cortices, have strongly correlated activity and these correlations can be used to carve the brain
into functional networks [50]. In visual cortex, regions that are closer in retinotopic space have
stronger resting-state correlations with each other, even in blindness [51-53]. However, in blind
individuals visual cortices become functionally coupled with frontoparietal networks that are
involved in language, executive control, and numerical processing, that is, correlations are
higher than in sighted blindfolded controls [7,10,51,52,54-57]. By contrast, resting-state
correlations between auditory cortex and visual cortex are actually reduced in blindness,
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Figure 3. Higher-Cognitive Takeover of ‘Visual’ Cortices in Congenitally Blind Individuals. (&) Depiction of task-
based activation in visual cortices in response to language and number tasks. Figure at the top left depicts a contrast map with
larger responses during an auditory math task than an auditory sentence task in red and the reverse contrast in blue
(thresholded atP < 0.05). Bottomleft panel shows dissociation in selectivity of math and language-responsive regions of visual
cortexin blindindividuals. Progressively darker bars depict more complex stimuliinmath (red colors) and language (blue colors)
tasks. The math stimuli consisted of auditory-presented math equations that varied according to four levels of complexity, with
the most complex equations having larger numbers and having the variable X’ in the wrong location (e.g., 8-3 =X vs.
X — 22 = 14).Inthelanguage experiment, sentences that were more grammatically complex contained a syntactic movement
dependency (dark blue). The gray bar depicts activity for lists of meaningless nonwords. (B) Depiction of dissociations in
functional connectivity among different regions of visual cortices. Math-responsive regions of visual cortex are preferentially
correlated with math-responsive regions of prefrontal cortex, whereas language-responsive regions of visual cortex are
preferentially correlated with inferior frontal language regions. Modified from [6]. Abbreviation: PFC, prefrontal cortex.

although engaging in auditory tasks induces coupling between auditory and visual networks
[23,56,58]. Notably, studies using diffusion tensor imaging have failed to find any increase in
‘anatomical’ connectivity between visual cortex and the rest of the brain in blindness, finding
reduced connectivity both among visual areas and between visual areas and the rest of the
brain instead [59-62]. Thus, repurposing of visual cortex likely occurs primarily through change
to the function of existing connections, rather than large-scale increases in long-range fibers.
Recent evidence further suggests that functional specialization within visual cortex is related to
functional connectivity. Activity of ‘visual’ number-responsive areas is correlated at rest with
frontoparietal number areas, in blind but not sighted individuals. By contrast, language-
responsive regions of visual cortex are correlated with prefrontal language regions [6,50]. In
sum, resting-state studies suggest that visual cortices of blind individuals become coupled with
multiple distinct higher-cognitive networks of frontoparietal cortices, including networks that
support language, numerical cognition, and executive control.

There is also some evidence that visual cortices are functionally relevant to higher-cognitive
behavior. Disrupting visual cortex activity with transcranial magnetic stimulation to the occipital
pole interferes with blind individuals’ ability to generate semantically appropriate verbs to heard
nouns and participants make semantic rather than phonological errors [9]. Transcranial
magnetic stimulation to visual cortex also interferes with Braille reading and abolishes repetition
priming during Braille reading tasks [12,63]. Further work is clearly needed to fully understand
the functional relevance of visual cortices to tasks such as sentence processing and solving
math equations. However, the available evidence shows that in blindness visual cortices are
functionally relevant to higher-cognitive behavior.
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In sum, in blindness, cortical circuits that are thought to have evolved for visual perception
come to participate in abstract and symbolic higher-cognitive functions, including language
processing. Such plasticity is inconsistent with the idea that cortical areas have intrinsically set
functions. Instead, this evidence suggests that during development a given cortical area is
pluripotent: capable of assuming a heterogensous range of cognitive roles, from low-level
vision to sentence processing and mathematics. As Marr argued long ago, neural hardware
and cognitive software are only loosely linked.

One could attempt to account for the fact that the same cortex can support what appear to be
very different cognitive functions by appealing to cognitive similarity explanations. For example,
by claiming that visual cortex participates in both sentence processing and vision because both
syntax and visual scenes are hierarchical. However, an increasingly long list of such explan-
ations is required to account for the various higher-cognitive functions found in visual cortices
(e.g., number, memory). It is also difficult for such explanations to be general enough to capture
the similarity between vision and syntax and yet specific enough to generate useful predictions
about cortical function. A more parsimonious account of the findings appeals to the informa-
tional input received by the visual cortices during development. Visual cortices have abundant
anatomical connectivity with higher-cognitive networks of frontal, parietal, and temporal corti-
ces [64,65] (Box 1). Such connections outnumber direct projections from other sensory
systems, such as primary auditory and somatosensory cortices [66,67]. In sighted individuals,
these connections modulate visual processing based on attention, task goals, and conceptual
information [68-70]. We hypothesize that in blindness, informational input from these higher-
cognitive networks causes the visual cortices to take on higher-cognitive functions.

The hypothesis that function is determined by input naturally accounts not only for evidence of
higher-cognitive plasticity in blindness but also for apparent preservation of function in visual
cortices of blind individuals. Within this framework, elements of ‘visual’ function are preserved in
plasticity when nonvisual input is from the same cognitive domain, as the visual input would
have been. For example, MT retains its motion selectivity in blindness, not because it is
hardwired to compute motion, but because it receives motion-relevant information in both
sighted and blind individuals [71]. Whereas in sighted individuals this information comes from
V1 and other retinotopic visual areas as well as from parietal circuits, in blind individuals the
information comes from parietal cortex alone.

Predictions from Pluripotency Hypothesis

In addition to accounting for existing evidence, the input-based hypothesis makes concrete
predictions about plasticity, in both blindness and other forms of experiential change. In the
case of blindness, newly acquired functions of visual cortex should be predicted by patterns of
connectivity. For example, dorsal parts of the visual stream, such as MT, are more likely to
assume spatial and numerical functions associated with the parietal cortices because they
receive large amounts of input from parietal areas involved in these functions [23,72,73].
Crucially, the pluripotency account predicts that even in cases where the functional signature
of the ‘plastic’ region shares some features with the original visual function, the cognitive
operations could be different across blind and sighted individuals, if the nature of the informa-
tional input during development is itself different. For example, in the sighted, MT recsives low-
level sensory input from primary visual cortices, whereas by hypothesis MT of blind individuals
receives highly processed motion-related information from parietal cortices. If so, the contri-
bution of MT to motion perception in blind individuals would be more higher order. The current
account further predicts that other frontoparietally-mediated higher-cognitive functions, such
as working memory or cognitive control, will also invade the visual system as a result of top-
down connectivity from frontoparietal cortices to the visual system. In general, the current
framework suggests that cognitive similarity to the ‘canonical’ function is the wrong metric for
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predicting the new cognitive function of a cortical area in cases of plasticity. Rather, the relevant
variable is the informational input.

The outlined framework also makes predictions regarding experience-based plasticity outside
of human blindness. First, we hypothesize that takeover by higher-cognitive networks is a major
form of reorganization in all forms of human sensory loss, including deafness, because in
humans, early sensory regions have stronger anatomical connectivity with higher-cognitive
networks than with other early sensory areas or sensory thalamic nuclei. Some recent studies of
deafness are consistent with the idea of higher-cognitive takeover [74-76]. This does not rule
out the possibility that some low-level sensory information reaches deprived sensory cortices
and contributes to processing. The degree to which this is the case will depend on the precise
connectivity pattern of that particular deprived area. However, according to the current
framework, true cross-modal takeover, of one sensory area by another sensory function,
comprises a small fraction of functional repurposing in human sensory loss. By contrast, in
lower mammals, direct invasion of one sensory system by another should be more common
because input to deprived regions is more likely to be sensory: there is less cortical territory
devoted to higher-cognitive functions, sensory cortices are anatomically more proximal to each
other, and altricial birth gives more opportunity for sensory experience to influence basic
anatomical architecture [77,78].

Box 2. Relating Plasticity in Blindness to Cultural Learning and Training

Evidence from sensory loss provides complementary insights to evidence from studies of cultural learning and training.
Learning to read causes the development of a letter and word-selective region within the ventral stream, known as the
VWEFA [103]. Across individuals, the VWFA is situated in a consistent location within the left fusiform gyrus, in the same
general location as regions involved in visual object recognition, such as the fusiform face area [104]. Analogously,
training juvenile monkeys to recognize different sets of shapes (i.e., written symbols, tetris shapes, and cartoon faces)
results in patches of selectivity for the different shape types in consistent cortical locations across animals, independent
of training order [105]. Studies of blindness and visual training are thus consistent in finding that anatomy constrains
localization of function across individuals, even in plasticity [6,48]. Furthermore, evidence from blindness is consistent
with theories of cultural learning that emphasize the role of connectivity and competing inputs in driving functional
specialization [106]. For example, connectivity to frontotemporal language network in a subset of the ventral stream,
prior to literacy, predicts the localization of the VWFA after learning [100]. According to one hypothesis, informational
input from early visual cortices on the one hand and language networks on the other hand cause the VWFA to become
involved in reading [106].

At the same time, studies of blindness reveal that the potential for functional change is broader than what one might
have concluded based on studies of cultural learning and training alone. Learning to recognize visual characters and
words is itself a subtype of visual object recognition, whereas blindness is a more dramatic experiential change. When
the change in experience is more dramatic, as in the case of blindness, so too is the change in cortical function.

An influential metaphor for how culture repurposes previously evolved cortical regions for culturally constructed
behaviors such as reading and formal mathematics is recycling [107]. Evidence from blindness suggests some
important qualifications to this metaphor. Recycling presupposes that a cortical circuit has a function; one can recycle
amilk carton into a birdfeeder but it is less clear what it would mean to recycle a rock or a flower, since they never had an
intended function to begin with. The argument proposed in this article is that cortical areas do not have intrinsic
functions, and therefore cannot be recycled. A key point to consider here is that the neural substrates of cultural
behaviors, such as reading, are shaped not only by innate constraints but also by the preceding species’ typical
experiences. Unlike congenital blindness, learning to read takes place after children have substantial experience with
visual object recognition and have acquired their native language. Plasticity in cultural learning is therefore a product not
only of intrinsic predispositions of cortex and cultural experience but also the species typical experience that precedes
the cultural experiences. Thus, to the extent that culture is recycling neural mechanisms, it is recycling not only the
product of evolution but also the product of preceding species typical experiences. If we want to apply the recycling
metaphor specifically to the products of evolution, it is the cognitive adaptations that are recycled, rather than cortical
regions, since any given cognitive function, cultural or otherwise, is supported by a network of diverse areas. Reading
can thus be said to recycle the cognitive mechanisms of visual object recognition and language. In neural terms, reading
is recycling the putative adaptations that were instantiated in the human brain by evolution to support these functions.
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The hypothesis that informational input determines the cognitive function of cortical regions
implies that the function of any given cortical area will depend in part on the information
processing capacities of the rest of the brain and on other, nondeprivation-related aspects of
experience. Said differently, language invades the visual cortices in humans, not only because
of connectivity, but also because language is behaviorally central to the species and thus has a
lot of non-occipital cortical territory devoted to it. We might therefore predict that the sensory
systems of visually or auditory deprived non-human primates assume functions that are
ecologically relevant to that particular species. Furthermore, we would predict that in humans,
other aspects of experience — unrelated to the sensory loss itself — would influence cortical
repurposing. For example, in deaf-blind individuals the degree to which visual cortices assume
language functions could depend on the degree to which that individual had access to manual
sign language early in life. Culture and training (e.g., Braille) could also influence functional
repurposing, but only if training-related input to the deprived region is stronger than other
source of information (Box 2).

Finally, the pluripotency hypothesis predicts that takeover by competing cognitive functions is a
pervasive phenomenon in human cortical development. Evidence from blindness illustrates
how cognitive specialization of cortical areas during development results from a self-organizing
process, where different inputs of information compete for cortical real estate, just as the left
and right eyes compete for cells in V1 [79,80]. We therefore predict that in cases of social or
linguistic deprivation in early life, networks that typically participate in social and linguistic
processes are colonized by other cognitive functions, potentially impacting future behavioral
capacity for social cognition and language.

Concluding Remarks

Having argued for the flexibility of cortex, it is worth ending by pointing out how the current
proposal differs from historic ideas about equipotentiality. First, the degree to which cortical
areas play drastically different cognitive roles within the same adult brain across contexts
remains an important avenue of future inquiry. Indeed, studies of adult-onset blindness suggest

Box 3. Cognitive Flexibility of Cortex in the Adult Brain

The current article focuses on cortical specialization during development and therefore all of the reported data in the
main text are from individuals who are blind from birth. Can cortical circuits change their function even in adulthood (e.g.,
in adult-onset blindness)? If so, is it furthermore possible for a single cortical area to perform substantially different
cognitive functions within the same individual, in different contexts (e.g., eyes open vs. blindfolded)? At present, the
answer to this question remains uncertain. Even in sighted individuals visual cortices are engaged during tasks where no
visual stimulus is present, such as imagery or deciding whether a school bus is more similar in color to butter or egg yolk
[108]. What is less clear is whether visual cortices of late blind or blindfolded sighted individuals perform cognitive
functions that are qualitatively different from vision. In support of this idea, responses to nonvisual information in visual
cortices are observed in late blindness and even after 5 days of blindfolding [38,42,109-111], including during some
linguistic tasks [38,42,112]. A recent study found increased functional connectivity between Broca's area and visual
cortex in retinitis pigmentosa, a degenerative retinal disease that typically progresses to total blindness in adulthood
[55].

At the same time, there is evidence that the functional potential of cortex is qualitatively different in adulthood. Functional
connectivity changes in visual cortices differ among the late and congenitally blind ([52,113], but see [55]). Cross-modal
responses are smaller and differentially localized in late blind as compared with congenitally blind adults
[38,42,81,111,114]. Perhaps most relevantly, the cognitive role of cross-modal activation in late blindness also appears
to be different (e.g., [82,113]). Visual cortices are functionally relevant to Braille reading in those who are congenitally but
not late blind [115]. One study found that in late blind, but not congenitally blind individuals, activity in visual cortex is
equally high during auditory sentence comprehension and a working memory task with noise. Furthermore, only in the
late blind group activity peaks during the response portion of the trial [83]. These studies suggest that the cognitive role
of visual cortices is different in congenitally and late blind individuals. At present, there is therefore little evidence for the
idea that visual cortices take on higher-cognitive computations in adulthood. Nevertheless, only a handful of studies
have examined this question and the full cognitive potential of adult cortex remains to be tested. Even if drastic cognitive
repurposing occurs only during childhood, it is possible that pharmacological and brain stimulation techniques could be
used to reopen critical periods and enable cognitive repurposing in the adult brain in cases of damage or disease [116].
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Outstanding Questions

Can we predict the function of a corti-
cal area based on connectivity and
experience? Language and numerical
processing are likely only a small sub-
set of the functional profiles present in
blind visual cortex. What are the other
functions? One hypothesis is that due
to frontoparietal connectivity with
visual cortex, functions that are typi-
cally supported by frontoparietal net-
works, such as executive control and
working memory, are also found in the
visual system.

What information is represented in
visual cortices of blind individuals
and what is the spatial code of such
representations? Although a large
number of studies demonstrate activity
in visual cortices during nonvisual
tasks, comparatively few have used
multivariate approaches to character-
ize the informational content of the
representations. Within the general
domains of language and number,
what information is represented in
visual cortices? A further interesting
question is whether the spatial code
for higher-cognitive information in
visual cortices is different or more vari-
able across people than the spatial
code in the more typical frontoparietal
and temporal lcbe systems.

Do visual cortices of blind individuals
have a unique computational role rela-
tive to other cortical circuits? Many
previous studies show that subsets
of visual cortex mirror activity in other
networks, such as those involved in
spatial localization and language. Do
subsets of visual cortices also assume
unigue functional profiles that are not
observed elsewhere in the brain? This
could occur because of interaction
between the intrinsic physiology of
visual cortex and the information that
it processes.
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that the cognitive range of cortex becomes narrower in adulthood (Box 3) ((38,42], for review
see [81-84]). Even when we restrict ourselves to development, the computational capacity of a
cortical circuit is constrained by evolutionary predispositions. It is useful here to distinguish
between the actual function that a cortical area assumes, as reflected in its selectivity profile,
and the cortical area’s computational capacity. The claim here is that the function a cortical area
assumes depends on the informational input it receives during the self-organizing process of
development and this function is therefore in a sense independent of what was ‘intended’ for
the cortical circuit by evolution, except to the extent that evolution has constrained the
informational input itself by madifying connectivity. The evolutionary influence on input can
even be severed artificially by rewiring [85,86]. By contrast, a cortical region’s cognitive
computational capacity, that is, how well it performs the cognitive function it acquired during
development and therefore its contribution to behavior, is influenced in part by variation in
intrinsic physiology across the cortical sheet, including both long-range connectivity and
microcircuitry [13]. The fact that visual cortices are behaviorally relevant to higher-cognitive
functions suggests that even this computational capacity is cognitively heterogeneous and
broad — perhaps because cortical areas are not generated de novo but are evolutionary
modifications of other cortical regions [87]. Nevertheless, we do not expect computational
capacity of cortex to be infinite (i.e., equipotential). Future studies of plasticity in blindness and
deafness could uncover computational limitations of specific cortical areas and shed light on
how physiclogy relates to function (see Outstanding Questions).

The pluripotency hypothesis is thus not inconsistent with the possibility that evolution modified
the human brain specifically to enable abilities such as motion perception and language. But it
did not do so by creating a collection of areas that by their very nature perform specific cognitive
functions. The cognitive capacity of cortical areas at birth does not constitute a natural kind at
the cognitive level of analysis. Cognitive functions such as language and motion perception are
the software that is acquired by a given subset of wetware as a result of multiple intrinsic and
extrinsic factors including microcircuitry, connectivity, the function of other neural networks, the
history of activation before birth, and crucially developmental experience.

Acknowledgments

The author wishes to thank the blind participants who genercusly donated their time to make the research described in this
manuscript possible as well as the National Federation of the Blind for their support. | am grateful to Barbara Landau and
Timothy Verstynen for comments on earlier versions of this draft. This research was supported in part by a grant from the
Johns Hopkins Science of Learning Institute.

References

1. Marr, D. (1982) Vision: A Computational Investigation into the 9.

Human Representation and Processing of Visual Information, W.
H. Freeman and Company

Amedi, A. et al. (2004) Transcranial magnetic stimulation of the
occipital pole interferes with verbal processing in blind subjects.
Nat. Neurosci. 7, 1266-1270

2. Greenough, W.T. et al. (1987) Experience and brain develop- 10. Watkins, K.E. et al. (2012) Language networks in anophthalmia:
ment. Child Dev. 58, 539-559 maintained hierarchy of processing in “visual” cortex. Brain 135,
3. Uhl, F. et al (1991) On the functionality of the visually deprived 1566-1577
occipital cortex in early blind persons. Neurosci. Lett. 124, 256- 11, Burton, H. et al. (2012) Recognition memory for Braille or spoken
269 words: an fMRI study in early blind. Brain Res. 1438, 22-34
4.  Sadato, N. et al. (1996) Activation of the primary visual cortex by 12, Cohen, L.G. ef al. (1997) Functional relevance of crass-modal
Braille reading in blind subjects. Nature 380, 526-528 plasticity in blind humans. Nature 389, 180-183
5. Hyvarinen, J. et al. (1981) Early visual deprivation alters modality  13. Passingham, R.E. et al. (2002) The anatomical basis of func-
of neuronal responses in area 19 of monkey cortex. Neurosci, tional localization in the cortex. Nat. Rev. Neurosci. 3, 606-616
Lett. 26, 239-243 14. Kujala, T. et al. (1992) Neural plasticity in processing of sound
6. Kanjlia, S. et al. (2016) Absence of visual experience modifies the location by the early blind: an event-related potential study
neural basis of numerical thinking. Proc. Natl. Acad. Sci. U. S. A Electroencephalogr. Clin. Neurophysiol. 84, 469-472
13, 117211177 15. Cecchetti, L. et al. (2016) Are supramodality and cross-modal
7. Bedny, M. et al. (2011) Language processing in the occipital plasticity the yin and yang of brain development? From blind-
cortex of congenitally blind adults. Proc. Natl. Acad. Sci. U. S. A. ness to rehabilitation. Front. Syst. Neurosci. 10, 247
108, 4429-4434 16. Hannagan, T. et al. (2015) Origins of the specialization for letters
8. Rader, B. etal. (2002) Speech processing activates visual cortex and numbers in ventral occipitotemporal cortex. Trends Cogn.

in congenitally blind humans. Eur. J. Neurosci. 16, 930-936

646 Trends in Cognitive Sciences, September 2017, Vol. 21, No. 9

Sci. 19, 374-382



Trends in Cognitive Sciences

Cell’ress

REVIEWS

17. Pascual-Leone, A. and Hamilton, R. (2001) The metamodal 44. Lane, C. et al. (2015) “Visual” cortex of congenitally blind adults
organization of the brain. Prog. Brain Res. 134, 427-445 responds to syntactic movement. J. Neurosci. 35, 12859-
18. Pascual-Leone, A. et al. (2005) The plastic human brain cortex. 12868
Annu. Rev. Neurosci. 28, 377-401 45. Raz, N. (2004) V1 activation in congenitally blind humans is
19. Ricciardi, E. et al, (2014) Mind the blind brain to understand the associated with episodic retrieval. Cereb. Cortex 15, 1459-
sighted onel Is there a supramodal cortical functional architec- 1488
ture?. Neurosci. Biobehav. Rev. 41, 64-77 46. Park, H.-J. et al. (2011) Activation of the occipital cortex and
20. Bavelier, D. and Nevile, H.J. (2002) Cross-modal plasticity: deactivation of the default mode network during working mem-
where and how? Nat. Rev. Neurosci. 3, 443-452 ory in the early blind. J. int. Neuropsychol. Soc. 17, 407-422
21. Qin, W. et al. (2015) Functional connectivity density in congeni- 47 Bonino, D. et al. (2008) Tactile spatial working memory activates
tally and late blind subjects. Cereb. Cortex 25, 2507-2516 the dorsal extrastriate cortical pathway in congenitally blind
22. Merabet, L. et al. (2004) Feeling by sight or seeing by touch? Indiiduals. Arch. ital. Biol. 146, 133-148
Neuron 42, 173-179 48. Lane, C. et al. (2016) Reduced left lateralization of language in
23. Collignon, O. et al. (2011) Functional specialization for auditory— congenitaly blind Indwm"‘tﬂs'. J. Cogn. {\Ieun‘:)scn G 1_‘14 )
spatial processing in the occipital cortex of congenttally blind ~ 49- Tong, Y. etal. (2011) Partitioning of physiological noise signals in
humans. Proc. Natl. Acad. Sci. U. S. A. 108, 4435-4440 the brain with concurrent near-infrared spectroscopy and fMRI.
24. Wolbers, T. et al. (2011) Decoding the direction of auditory . Cereb. Blood Flow Metab. 31, 2352-2362
motion in blind humans. Neuroimage 56, 681-687 50. Damoiseaux, J.S. et al. (2006) Consistent resting-state net-
25. Sathian, K. and Stilla, R. (2010) Cross-modal plasticity of tactile :"Ooéki ;g;%si gggléhy subjects. Proc. Ntl. Acad. Scl. U. 8. A
perception in blindness. Restor. Neurol. Neurosci. 28, 271-281 ) ' ) ) o )
26. Stilla, R. et al. (2008) Neural processing underlying tactile micro- 51. Stnem-{lmlt‘ E..er a. (2015) Functlpnal conrwec"nvﬂy (.)f Ylsual
spatial discrimination in the blind: A functional magnetic reso- cortex in the blind follows retinotopic organization principles.
. Brain 138, 1679-1695
nance imaging study. J. Vis. 8, 13-13 ran '
27. Gougoux, F. et al (2005) A functional neuroimaging study of 52. Butt, O.H. et al. (2013) The fine-scale functional correlation of
: " ’ triat rtex in sighted and blind le. J. N . 33
sound localization: visual cortex activity predicts performance in f E;SOZ—CW%;; in signted and bind' peope ouroser !
early-blind individuals. PLoS Biol. 3, e27
28. Dubner, R. and Zeki, S.M. (1971) Response properties and 53. Bock, A.S. et al. (2015) Resting-state retinotopic organization in
receptive fields of cells in an anatomically defined region of g‘se igz%%c_i g;;eztmal nput and visual experience. .. Neuroscl
the superior temporal sulcus in the monkey. Brain Res. 35, '
528-532 54. Liu, Y. et al. (2007) Whele brain functional connectivity in the
29. Zeki, S. et al. (1991) A direct demonstration of functional spe- early blind. Brain 130, 2085-2096 ) .
cialization in human visual cortex. J. Neurosci. 11, 641-849 55. Sabbah, N. et al (2016) Increased functional connectivity
30. Kourtzi, Z. and Kanwisher, N. (2000) Activation in human MT/ between language and visually deprived areas in late and partial
MST by static images with implied motion. J. Cogn. Neurosci. blindness. Neurcimage 136, 162-173
12, 48-55 56. Burton, H. et al. (2014) Resting state functional connectivity in
31. Ricciardi, E. et al. (2007) The effect of visual experience on the eary biind humans. Front. \?y st Neuro‘sc:.‘ 8 51 .
development of functional architecture in hMT+. Cereb. Cortex  57- Deen. B. et al. (2015) Functional organization of social percep-
17, 2933-2939 tion and cognition in the superior temporal sulcus. Cereb. Cortex
32. Saenz, M. et al. (2008) Visual motion area MT+/V5 responds to 25.}' 4596-4608 ) ) . !
auditory motion in human sight-recovery subjects. 28, 5141— 58. Klinge, C. et al. (2010) Corticocortical connections mediate
5148 primary visual cortex responses to auditory stimulation in the
33. He, C. et al. (2013) Selectivity for large nonmanipulable objects blind. J. Newrosal. 30, 12798_1‘280_5 )
in scene-selective visual cortex does not require visual experi-  29- Shu, N. et al. (2009) Abnormal diffusion of cerebral white matter
ence. Neurcimage 79, 1-9 in early blindness. Hum. Brain Mapp. 30, 220-227
34. Reioh, L. et al (2011) A ventral visual stream reading center 60 Shu. N. et al. (2009) Altered anatomical network in early blind-
independent of visual experience. Curr. Biol. 21, 363-368 ness revealed by diffusion tensor tractography. PLoS One 4,
35. Striem-Amit, E. et al. (2012) Reading with sounds: sensory 97_228 o ) .
substitution selectively activates the visual word form area in ~ 81. Shimony, J.S. (2005) Diffusion tensor imaging reveals white
the blind. Neuron 76, 640-652 matter reorganization in early blind humans. Cereb. Corfex
36. Peelen, M.V. et al. (2013) Tool selectivity in left occipitotemporal 16, 16531661 ) o
cortex develops without vision. J. Cogn. Neurosci. 25, 1225- 62 Noppeney, U. et al. (2005) Early visual deprivation induces
1934 structural plasticity in gray and white matter. Curr. Biol. 15,
37. Mahen, B.Z. et al. (2009) Category-specific organization in the ReBs-R490 o )
human brain does not require visual experience. Neuron 63, 63. Kupers, R. et al. (2007) rTMS of the occipital cortex abolishes
397-405 Braille reading and repetition priming in blind subjects. Neurol-
38. Burton, H. et al. (2002) Adaptive changes in early and late blind: ogy 68, 691-693 .
a fMRI study of Braille reading. J. Neurophysiol. 87, 589-607 64. Bressler, S.L. et al. (2008) Top-down control of human visual
N ‘ . ‘ cortex by frontal and parietal cortex in anticipatory visual spatial
39. Rdder, B. et al. (2000) Event-related potentials during auditory . .
attention. J. Neurosci. 28, 10056-10061
language processing in congenitally blind and sighted people. I !
Neuropsychologia 38, 1482-1502 65. Gilbert, C.D. and Li, W. (2013) Top-down influences on visual
40. Burton, H. (2003) Dissociating cortical regions activated by processing. Nat. fev. Neuroscl. 14, 350-363
semantic and phonological tasks: a IMRI study in blind and 66. Falchier, A. et al. (2002) Anatomical evidence of multimodal
sighted people. J. Neurophysiol. 90, 1965-1982 integration in primate striate cortex. J. Neurosci. 22, 5749-5759
41, Bedny, M. et al (2015) “Visual" cortex responds to spoken 67. Beer, AL et al (2011) Diffusion tensor imaging shows white
language in blind children. J. Neurosci. 35, 11674-11681 matter tracts between human auditory and visual cortex. Exp.
42. Burton, H. (2002) Adaptive changes in early and late blind: a Brain Res. 215, _299_308 - )
MRI study of verb generation to heard nouns. J. Neurophysiol. 68. Egner, T. and Hirsch, J. (2005) Cagnitive control mechanisms
88, 3350-3371 resolve conflict through cortical amplification of task-relevant
43. Amedi, A. et al. (2003) Early visual cortex activation correlates information. Nat. Neurosci. 8, 1784-1790

with superior verbal memory performance in the blind. Nat.
Neurosci. B, 758-766

Trends in Cognitive Sciences, September 2017, Vol. 21, No.9 647




Trends in Cognitive Sciences

Cell’ress

REVIEWS

69. Kastner, S. and Ungerleider, L.G. (2000) Mechanisms of visual  94. Yeterian, E.H. et al (2012) The cortical connectivity of the
attention in the human cortex. Annu. Rev. Neurosci. 23, 315— prefrontal cortex in the monkey brain. Cortex 48, 58-81
341 95. Maunsell, J.H. and Van Essen, D.C. (1983) The connections of
70. Lupyan, G. et al. (2010) Conceptual penetration of visual proc- the middle temporal visual area (MT) and their relationship to a
essing. Psychol. Sci. 21, 682-691 cortical hierarchy in the macaque monkey. J. Neurosci. 3, 2563—
71. Sadaghiani, S. et al. (2009) Natural, metaphoric, and linguistic 2586
auditory direction signals have distinct influences on visual 96. Andersen, J.C. et al. (2011) Pathways of attention: synaptic
motion processing. J. Neurosci. 29, 6490-6499 relationships of frontal eye field to V4, lateral intraparietal cortex,
72. Dehaene, S. et al. (2003) Three parietal circuits for number and area 46 in macaque monkey. J. Neurosci. 31, 10872~
processing. Cogn. Neuropsychol. 20, 487-506 10881
73. Grifiths, T.D. et al. (1998) Right parietal cortex is involved in the 97 Ungerleider, L.G. and Desimone, R. (1986) Cortical connections
perception of sound movement in humans. Nat. Neurosci. 1, of visual area MT in the macaque. J. Comp. Neurol. 248, 190~
74-79 222
74. Ding, H. et al. (2015) Cross-modal activation of auditory regions 98. Ungerleider, L.G. et al. (2008) Cortical connections of area V4 in
during visuo-spatial working memory in early deafness. Brain the macaque. Cereb. Cortex 18, 477-499
138, 2750-2765 99. Piazza, M. et al. (2006) Exact and approximate judgements of
75. Ding, H. et al. (2016) Enhanced spontaneous functional con- visual and auditory numerosity: an fMRI study. Brain Res. 1106,
nectivity of the superior temporal gyrus in early deafness. Sci. 177-188
Rep. 6, 23239 100. Saygin, Z.M. et al. (2016) Connectivity precedes function in the
76. Leonard, M.K. et al. (2012) Signed words in the congenitally deaf development of the visual word form area. NMat. Neurosci. 19,
evoke typical late lexicosemantic responses with no early visual 1250-1265
responses in left superior temporal cortex. J. Neurosci. 32, 101. Martino, J. et al. (2010) Anatomic dissection of the inferior
9700-9705 fronto-occipital fasciculus revisited in the lights of brain stimula-
77. Kahn, D.M. and Krubitzer, L. (2002) Massive cross-modal corti- tion data. Cortex 46, 691-699
cal plasticity and the emergence of a new cortical area in  102. Riling, J.K. ef al. (2008) The evolution of the arcuate fasciculus
developmentally blind mammals. Proc. Natl. Acad. Sci. U. S. revealed with comparative DTI. Nat. Neurosci. 11, 426-428
A. 99, 11429-11434 103. Cohen, L. et al. (2000) The visual word form area: spatial and
78. Krubitzer, L. and Kahn, D.M. (2003) Nature versus nurture temporal characterization of an initial stage of reading in normal
revisited: an old idea with a new twist. Prog. Neurobiol. 70, subjects and posterior split-brain patients. Brain 123, 281-307
33-52 104. Dehaene, S. and Cohen, L. (2011) The unique role of the visual
79. Johnson, M.H. and Munakata, Y. (2005) Pracesses of change in word form area in reading. Trends Cogn. Sci. 15, 264-262
brain andl cognitive development. Trends Cogn. Sci. 9, 152-158 105, Srinasam, K. et al. (2014) Novel domain formation reveals proto-
80. Hubel, D.H. and Wiesel, T.N. (1870) The period of susceptibility architecture in inferotemporal cortex. Nat. Neurosci. 17, 1776-
to the physiological effects of unilateral eye closure in kittens. J. 1783
Physiol. 206, 418-436 106. Behrmann, M. and Plaut, D.C. (2013) Distributed circuits, not
81. Voss, P. (2013) Sensitive and critical periods in visual sensory circumscribed centers, mediate visual recognition. Trends
deprivation. Front. Psychol. 4, 664 Cogn. Sci. 17, 210-219
82. Collignon, O. et al (2013) Impact of blindness onset on the  107. Dehaene, S. and Cohen, L. (2007) Cultural recycling of cortical
functional organization and the connectivity of the occipital maps. Neuron 56, 384-398
cortex. Brain 136, 2769-2783 108. Hsu, N.S. et al. (2011) Color, context, and cognitive style:
83. Bedny, M. et al. (2012) A sensitive period for language in the variations in color knowledge retrieval as a function of task
visual cortex: Distinct patterns of plasticity in congenitally versus and subject variables. J. Cogn. Neurosci. 23, 2644-2557
late blind adults. Brain Lang. 122, 162-170 109. Kujala, T. et al. (1997) Electrophysiological evidence for cross-
84. Buchel, C. et al. (1998) Different activation patterns in the visual modal plasticity in humans with early- and late-onset blindness.
cortex of late and congenitally blind subjects. Brain 121, 408- Psychophysiology 34, 213-216
419 110. Sadato, N. et al. (2002) Critical period for cross-modal plasticity
85. Roe, AW. et al. (1990) A map of visual space induced in primary in blind humans: a functional MRI study. Neuroimage 16, 389-
auditory cortex. Science 250, 818-820 400
86. Melchner von, L. et al. (2000) Visual behaviour mediated by  111. Merabet, L.B. ef al. (2008) Rapid and reversible recruitment of
retinal projections directed to the auditory pathway. Nature 404, early visual cortex for touch. PLoS One 3, e3046
871-876 112. Burton, H. and MclLaren, D.G. (2006) Visual cortex activation in
87. Barrett, H.C. (2012) A hierarchical model of the evolution of late-onset, Braille naive blind individuals: an fMRI study during
human brain specializations. Proc. Nall. Acad. Sci. U. S. A, semantic and phonological tasks with heard words. Neurosci.
109, 10733-10740 Lett. 392, 38-42
88. Ghazanfar, A.A. and Schroeder, C.E. (2006) Is neocortex essen- 113, Bedny, M. et al. (2010) Sensitive period for a multimodal
tially multisensory? Trends Cogn. Sci. 10, 278-285 response in human visual motion area MT/MST. Curr. Biol.
89. Sporns, O. et al. (2005) The human connectome: a structural 20, 1900-1906
description of the human brain. PLoS Comput. Biol. 1, e42 114. Voss, P. et al. (2008) Differential occipital responses in early- and
90. Lacey, S. and Sathian, K. (2012) Representation of object form \ate-blivnd individuals during a sound-source discrimination task.
in vision and touch. In The Neural Bases of Multisensory Pro- Neuroimage 40, 746-758
cesses (Murray, M.M. and Wallace, M.T., eds), CRC Press 115. Cohen, L.G. et al. (1999) Period of susceptibility for crass-maodal
91. Rockland, K.S. and Ojima, H. (2003) Multisensory convergence plasticity in the blind. Ann. Neurol. 45, 4561-460
in calcarine visual areas in macaque monkey. Int. J. Psycho-  116. Hensch, T.K. and Bilimoria, P.M. (2012) Re-opening windows:
physifol. 50, 19-26 manipulating critical periods for brain development. Cerebrum
92. Felleman, D.J. and Van Essen, D.C. (1991) Distributed hierar- 2012, 11
chical processing in the primate cerebral cortex. Cereb. Cortex 117. Van Essen, D.C. (2005) A population-average, landmark- and
1, 1-47 surface-based (PALS) atlas of human cerebral cortex. Netro-
93. Tong, F. (2003) Cognitive neuroscience: primary visual cortex image 28, 635-662

and visual awareness. Nat. Rev. Neurosci. 4, 219-229

648 Trends in Cognitive Sciences, September 2017, Vol. 21, No. 9



