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INTRODUCTION

The sensory experience of a blind individual is very different from our own. When, fed up with
Palatino 11 point, I look up from my computer screen, I notice my cluttered desk, gray skies, and
raindrops rolling down the window pane. When I close my eyes my world changes; I become
aware of the sound of the downpour. Suddenly the heated debate between my husband and child
impinges and is no longer, perceptually, in another room. Yet, despite a sensory experience that
is continuously different from our own, blind individuals do not have difficulties understanding
sighted language and concepts, and many navigate fluently in a sighted world.

As shown in Figure 14, the neurophysiological changes that result from blindness (see the
sidebar titled Blindness) are driven by two interrelated environmental components: the lack of
vision and the resulting need to rely more heavily on remaining senses. Consequently, early
blindness causes fundamental alterations of neural function across more than 25% of cortex—
changes that span the gamut from metabolism to behavior and collectively represent one of the
most dramatic examples of plasticity in the human brain.

WHY STUDY BLINDNESS?

Since the 1960s, blindness has been a classic model system for studying neuroplasticity (Wiesel
& Hubel 1963, 1965). Animal models of blindness are easy to generate, and the lack of direct
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Figure 1

(@) Early blindness has widespread neurophysiological consequences. These include deterioration of neural
function and visual function resulting from loss of visual input and compensatory alterations that enhance
the ability of blind individuals to make sense of auditory and tactile input. Many of these compensatory
alterations may be driven by the need to interact with the world. () Animal models suggest that the basic
neuroanatomical consequences of dark rearing can be entirely different when animals must learn to solve
tasks like navigation and food finding using their remaining senses. Panel » adapted with permission from
Bengoetxea et al. (2012). (¢) Brazil plays Argentina in a soccer final at the 2007 Parapan American Games.

Fine o Park



BLINDNESS

Blindness is an extremely general term. Individuals can become blind at any age, and the extent of their visual loss
can vary widely. When it comes to assessing very low vision that falls below measurable Snellen acuity, the following
terms are in standard use. For this review the term blindness refers to vision of light perception or below, unless
otherwise specified. The common terms that refer to visual loss are defined as follows:

B ] egally blind, in the United States, means vision of 20/200 or less in the better eye or a field of view smaller
than 20°.

B Finger counting means an individual can tell how many fingers the ophthalmologist is holding up.

® Hand motion means an individual can tell that the ophthalmologist is waving a hand in front of their eyes.

® Light perception means an individual can tell if the lights in a room are on or off, which is roughly equivalent
to a normally sighted individual’s perception with their eyes closed.

® No light perception means an individual cannot tell whether the lights in a room are on or off.

cortical damage provides an elegant model system for examining the role of experience on the
development and maintenance of neuroarchitecture and function. These animal models provide
an extraordinarily rich literature to complement the investigation of the effects of blindness in
humans.

Of course, care must be taken in generalizing from animal models to humans. Blindness occurs
at a variety of stages of development in humans (see the sidebar titled Blindness Occurs at Many
Stages of Development), whereas animal models rely heavily on enucleation or dark rearing. There
are large neuroanatomical differences between primate and nonprimate visual systems. Humans
are born with relatively mature visual systems compared to most animals, and the human visual
system contains a larger number of visual sensory areas than the nonprimate visual system (van
Essen 2005). In addition, the primate neuronal organization, even within early visual areas, shows
substantial differences from rodent models (Disney & Aoki 2008, Disney et al. 20006).

Another, often overlooked, factor is that many of the compensations that occur because of
blindness are likely driven by the need to navigate and interact with the world. Yet most animal

BLINDNESS OCCURS AT MANY STAGES OF DEVELOPMENT
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Anophthalmia is an extremely rare condition where the eye fails to develop. As such, individuals lack retinal waves,
and the input from the optic nerves to the thalamus and midbrain either never exists or exists only temporarily early
in development before the embryonic eyes degenerate.

Congenital blindness is defined as a condition where retinal waves persist in utero, but there is loss of visual
information to the brain at or very shortly after birth (within one month). Common causes of congenital blindness
include retinopathy of prematurity and optic nerve hypoplasia. In the latter two conditions individuals generally
retain light perception vision.

Early blindness refers to individuals blinded after birth but before age 16. Although this may appear to be a
wide age range, evidence suggests that the early teenage years do represent a critical period after which large-scale
cross-modal plasticity is less likely to occur.

Late blindness refers to individuals blinded after the age of 16. Most cases of late blindness are due to retinitis
pigmentosa, macular degeneration, and glaucoma. It should be noted that late-blind individuals generally suffer
from a slower progression of vision loss than early-blind individuals, and often retain light perception vision.
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deprivation studies are carried out using animals in restricted environments (Figure 15). The
effect of environment can be dramatic; for example, dark-reared animals in standard cages show
a striking reduction in the number of astrocytes compared to controls. In contrast, dark-reared
animals in enriched cages have more astrocytes than control animals (Bengoetxea et al. 2013).
These results suggest that even the basic neuroanatomical consequences of dark rearing can be
very different when animals must learn to solve tasks like navigation and food finding using their
remaining senses.

Finally, normally sighted humans depend far more heavily on vision than most nonprimate
animals. It is difficult to behaviorally distinguish early-blinded cats or monkeys from sighted
animals when they are in familiar environments; the same cannot be said of early-blind individuals,
even those adept with cross-modal technologies. Individuals who are blind do not simply rely more
heavily on their remaining senses; across almost every interaction with the world, blind people
must rely on senses that in a sighted person would play a far more minor functional role.

Although blindness has traditionally been used as a model system for examining sensory plas-
ticity, in recent years it has become increasingly apparent that blindness may also be an excellent
way of studying human cognitive plasticity. My sighted sons in their (occasionally excruciatingly)
prolonged developmental periods are learning to carry out a vast number of tasks that lie far out-
side normal evolutionary demands: reading, chess, algebra, and soccer (Dehaene & Cohen 2007).
All these tasks have a strong visual component and presumably involve either the development
of novel cortically specialized areas (e.g., reading) or involve developing hyperabilities within ex-
isting areas. A blind child can learn all these skills, but she or he will learn them very differently
(Figure 1¢). There are good reasons to believe that much of the plasticity that occurs because of
early blindness reflects the development or hyperdevelopment of cognitive rather than sensory
processes. Blind individuals show enhanced capacities and/or neural plasticity within many tasks
that are clearly cognitive, including language, reading braille, numerical processing, and memory.
It is also worth noting that the critical learning period for early blindness extends into the teenage
years (Sadato et al. 2002) when sensory processes are adult-like but cognitive processes are still
developing. Thus, gaining traction on how the brain responds to early blindness is likely to provide
important insights into the mechanisms that underlie the complex developmental plasticity that
governs not only sensation but also cognition.

NEUROANATOMY

As schematized in Figure 2, the effects of early blindness can be seen across multiple neuroanatom-
ical scales, from molecules to function.

Neurotransmitter Regulation

In normal development, the onset of visually evoked activity alters the balance between excitatory
cholinergic phospholipid and inhibitory GABA-ergic pathways toward a state of greater inhibition
thatis associated with the closure of the critical period (Bavelier etal. 2010). Animal models suggest
that visual deprivation delays or prevents this shift in inhibitory/excitatory balance (Hensch &
Bilimoria 2012). Magnetic resonance spectroscopy studies in adult early-blind humans similarly
find reduced levels of y-aminobutyric acid (GABA) and enhanced levels of choline and possibly
glutamate/glutamine (Coullon et al. 2015, Weaver et al. 2013) in occipital cortex. One interesting
unanswered question is whether human blind individuals retain greater excitability or plasticity in
occipital cortex in adulthood.
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Early blindness: from neurochemistry to behavior

Early blindness results in changes within occipital metabolic and cholinergic phosopholipid
pathways (Coullon et al. 2015, Weaver et al. 2013).

Synaptic regulation is also altered; enhanced levels of glutamate and glutamine and reduced
levels of y-aminobutyric acid (GABA) are observed in human (Coullon et al. 2015, Weaver et al.
2013) and animal models of early blindness. It is not clear whether these changes enhance
sensitivity, plasticity, or both. Thus, the neurovascular coupling relating neural signals to the
blood-oxygen-level-dependent (BOLD) signal may differ in early-blind individuals.

Dendritic arborization relies on the action of various intrinsic and extrinsic factors, including
guidance signals, growth factors, neurotrophic factors, and synaptic activity.

The development of feature-specific microcircuits (Wertz et al. 2015; see panel to left) occurs in
the absence of visual experience (Ishikawa et al. 2014, Ko et al. 2014). Thus, visual experience
serves to sculpt and refine neuronal responses within an architectural topography that is laid
down well before birth.

Occipital cortical folding is reduced. However, larger-scale anatomical connection patterns across
V1-V3 (Bock et al. 2015) and the large-scale organization of callosal connections persist in blind
individuals (Bock et al. 2013). Indeed, early visual areas (Levin et al. 2010; see panel to left) and the
visual motion area (hMT+) (Jiang et al. 2016, Saenz et al. 2008) remain capable of subserving
reduced visual function if sight is ever restored.

In the absence of vision, the occipital cortex shows cross-modal plasticity—novel responses to a
variety of auditory and tactile tasks. Some regions, such as hMT+ and the visual word form area
(VWFA), seem to show functional constancy, performing analogous computational tasks as in
sighted individuals. The most puzzling changes in function are observed in V1, which responds
to a wide variety of tasks, including braille reading, spoken language, and working memory.

Early-blind individuals show enhanced performance on a variety of auditory and
tactile tasks. In some tasks, transcranial magnetic stimulation to occipital cortex
has been shown to disrupt behavioral performance, suggesting that occipital
cross-modal responses have a functional role.

Figure 2

Blindness changes brain organization across multiple scales, from molecules to function: These alterations
include neurotransmitter regulation, metabolic function, white matter pathways, cortical expansion and
pruning, local synaptic connectivity, functional responses, and behavioral abilities.

Metabolic Pathways

As far as metabolism is concerned, in the 1990s positron emission tomography studies demon-
strated that early-blind subjects exhibit greater levels of glucose metabolism and regional cerebral
blood flow within the occipital cortex than sighted subjects (De Volder et al. 1997, Veraart et al.
1990, Wanet-Defalque et al. 1988), suggestive of metabolic upregulation. More recently, using
magnetic resonance spectroscopy, it has been shown that early blindness leads to elevated lev-
els of creatine (Coullon et al. 2015, Weaver et al. 2013), further supporting the possibility that
early blindness leads to chronic upregulation of occipital metabolism. One possibility is that these
increased metabolic demands are due to the increased resting-state firing that has been observed
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in occipital cortex as a result of dark rearing (Benevento et al. 1992). Somewhat surprisingly, given
this metabolic upregulation, dark rearing reduces occipital vascularization compared to control
animals (Bengoetxea et al. 2008); however, this reduction in vascularization is less salient for
animals in enriched cages.

The effects of early blindness within occipital metabolic and neurotransmitter pathways are not
only significant in and of themselves, but are also an important consideration when interpreting
group differences in blood-oxygen-level-dependent (BOLD) responses. In Alzheimer’s disease,
the importance of considering potential metabolic differences between groups when interpreting
BOLD signals has already been demonstrated: Disease-related metabolic downregulation has ef-
fects on neurovascular coupling that in turn influence task-related BOLD activity (Herminghaus
etal. 2003, Lecrux & Hamel 2011, Nicolakakis & Hamel 2011). Group differences in neurotrans-
mitter levels are also likely to have substantial effects on neurovascular coupling: GABA-ergic
and cholinergic pathways directly affect the coupling between neuronal and vascular responses
(Donahue et al. 2010)—for example, via perivascular astrocytes (Cauli et al. 2004, Hamel 2006,
Kleinfeld et al. 2011, Muthukumaraswamy et al. 2012).

White Matter Tracts

The anatomical effects of early blindness can best be interpreted in the context of normal de-
velopment (see Figure 3). The early wave of migrating neurons provide a first rough blueprint
of cerebral organization that is primarily governed by intrinsic signaling, controlled in part by
graded expression of transcription factors (Dubois et al. 2014). These pathways begin to form well
before the onset of visual experience, during the second trimester of pregnancy. This means that
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Figure 3

Time line for major events within the development of the human visual system. Event times are generally based on animal models, with
conversion into human pre- and postnatal development based on the translating time model of Workman et al. (2013). Abbreviations:
dLGN, dorsolateral geniculate nucleus; LGN, lateral geniculate nucleus.
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the major cortical pathways have formed well before visual input reaches the cortex. For exam-
ple, callosal axons cross the midline around prenatal day 105, well before input from the lateral
geniculate nucleus (LGN) innervates the cortex (prenatal day 180). By prenatal day 120, the major
cerebral fiber system is established.

Even though these pathways are established well before eye opening (Stellwagen & Shatz
2002), early blindness leads to significant reduction in visual subcortical white matter connections,
including atrophy of the optic nerve and tract (from the eye to the lateral geniculate nucleus)
(Bridge et al. 2009, Shimony et al. 2006, Shu et al. 2009). This atrophy extends to the optic
radiations (from the LGN to V1) (Bridge et al. 2009, Noppeney et al. 2005, Shimony et al. 2006,
Shu et al. 2009). Given that most cases of congenital blindness have onset after prenatal day 210
(except in the case of anophthalmia), it can be presumed that this reduction of white matter in
visual subcortical pathways is due to atrophy after these pathways have formed.

Within early visual cortex, there is evidence that the topographical organization of white mat-
ter fibers in early blind individuals retains retinotopic organization. The large-scale topographical
organization of visual fibers in the corpus callosum can be observed even in anophthalmic individ-
uals (Bock et al. 2013). Similarly, enucleate animal models still show topographical organization
of interhemispheric callosal fibers even though the local precision (on the order of microns) of
arborization into gray matter lacks refinement (Bock & Olavarria 2011).

There is surprisingly little evidence for either reorganization or atrophy within corticocortical
white matter pathways as a result of visual deprivation. The cortical connectome between the
occipital cortex and other areas seems to be largely unaffected by blindness (see Bock & Fine
2014 for a review), though there is some evidence of a weakening of connections between the
occipital and temporal cortex (Ptito et al. 2008, Shu et al. 2009). The lack of significant atrophy or
reorganization in occipitocortical pathways (as compared to the pathways between the retina and
V1) suggest that these connections play a functional role of some kind in early-blind individuals.

Recent evidence in neurotypical children suggests that white matter tract development both
precedes and predicts the eventual location of functional responses within the ventral occipital
cortex (Osher et al. 2016, Saygin et al. 2016). Thus, intracortical white matter tracts may help
determine how cortical functionality is reorganized as a function of blindness (Bedny 2017). Bedny
has argued that these white matter connections may determine function because gray matter is
pluripotent. As described in the section titled The Reverse Hierarchy below, although gray matter
may be surprisingly functionally pluripotent, this functional flexibility may exist within the context
of a highly constrained local anatomical microstructure.

Cortical Expansion

Early blindness results in a reduction in cortical folding and an increase in cortical thickness
in early-blind (Anurova et al. 2015, Jiang et al. 2009) and anophthalmic (Bridge et al. 2009)
individuals. This increase in cortical thickness has generally been attributed to a lack of experience-
dependent cortical pruning after birth.

However, Reillo et al. (2011) have proposed an alternative model. Cortical expansion relies
heavily on a special type of progenitor cell that generates a fiber scaffold (at around prenatal day
120), which promotes tangential dispersion of radially migrating neurons and thereby facilitates
surface area growth within the cortical sheet. This cortical expansion has a prolonged develop-
mental time line; for example, in humans, the area of V1 does not reach its adult size until more
than two years of age. Enucleation in ferrets reduces the density of these progenitor cells, and the
resulting lack of tangential dispersion leads to a reduction in cortical surface area. This leads to
an increase in cell density and cortical thickness (Reillo et al. 2011).

www.annualreviews.org ¢ Blindness and Human Brain Plasticity
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Human anatomical imaging shows that increases in cortical thickness are more pronounced in
anophthalmic (~18% reported by Bridge et al. 2009) than early-blind individuals (~8% reported
by Jiang et al. 2009), suggesting that both a prenatal reduction in progenitor cells and a reduction
of postnatal pruning may contribute to increases in cortical thickness.

Local Synaptic Connectivity

Early enucleation has strong effects on local connectivity in subcortical pathways, leading to
atrophy of the LGN in both animal models (Dehay et al. 1996a,b; Karlen & Krubitzer 2009;
Wiesel & Hubel 1963) and individuals with anophthalmia (Bridge et al. 2009), atrophy of cortical
input layer 4 (Dehay et al. 1996a, Karlen & Krubitzer 2009, Rakic et al. 1991), and a failure of
layer 4 pyramidal cells to remodel into spiny neurons (Callaway & Borrell 2011).

However, many aspects of cortical synaptic microstructure develop relatively normally in the
absence of visual experience. For example, the retinotopic organization of local connections across
V1-V2-V3, whereby a region in V1 precisely connects with regions in V2 that eventually represent
the same region of the retina (and so on though V3), occurs around prenatal day 200, only shortly
after LGN axons innervate the cortex (prenatal day 180). This topographical organization seems to
be primarily driven by molecular signaling (Abbott & Dayan 1999, Banton etal. 2001). Retinotopic
maps in the dorsal LGN and cortex still exist when retinal waves are disrupted, but precision is
reduced (Cang et al. 2005, Grubb et al. 2003, McLaughlin et al. 2003). Resting-state BOLD
data also suggest the persisting existence of V1-V3 retinotopic organization in early-blind and
anophthalmic individuals (Bock et al. 2015, Striem-Amit et al. 2015).

More recently it has been shown that feature-specific microcircuits in layers 2 and 3 develop
even in the absence of visual experience (Ishikawa etal. 2014, Ko etal. 2014, Rizzi etal. 2014). Cells
sharing the same stimulus preferences are preferentially connected to each other even in dark-
reared animals (Ko etal. 2014). Visual experience serves to refine these circuits, consistent with ear-
lier data suggesting that experience sculpts and refines the formation of ocular dominance columns
and the size and orientation of receptive fields, as well as the spatial frequency, direction, and dispar-
ity tuning of V1 neurons (Ackman & Crair 2014; Movshon & Van Sluyters 1981; Raviola & Wiesel
1978; Sherman & Spear 1982; Wiesel & Hubel 1963, 1965). These animal model data are consis-
tent with findings in sight-recovery subjects: Relatively normal (albeit low acuity) retinotopic and
motion-selective responses can be measured in V1-V3 and the visual motion area (hM'T+) in these
individuals. Interestingly, these visual responses seem to coexist with auditory responses, suggest-
ing that the auditory motion responses observed in blind individuals coexist with a neural architec-
ture that can support visual processing if sight is ever restored (Jiang et al. 2014, Saenz et al. 2008).

Thus, visual experience does not establish neural response selectivities but rather sculpts and
refines neural microcircuits that are established well before visual experience. These neural micro-
circuits may be analogous to complex-instruction-set processors in computers, which are designed
to carry out a fixed sequence of computations that are applicable to a wide range of tasks. The in-
nate structure of prenatal gray matter neural microcircuits may be designed to carry out canonical
neural computations, such as addition (neural summation), subtraction (opponency), exponentia-
tion, linear filtering, adaptation, and divisive normalization, which are assigned a functional role
only with the onset of sensory experience.

FUNCTIONAL RESPONSES

One of the most extraordinary effects of early blindness is that individuals show large amounts of
cross-modal plasticity. Large regions of occipital cortex that primarily process visual information
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in sighted individuals show novel responses to auditory and tactile stimuli in individuals who
become blind early in life (Sadato et al. 1996). These novel responses in occipital cortex are
found for a bewilderingly wide range of auditory and tactile stimuli and tasks, including verbal
working memory (Amedi et al. 2003), language (Bedny et al. 2011, Burton et al. 2003, Lane et al.
2015, Watkins et al. 2012), and mathematics (Kanjlia et al. 2016). Despite considerable effort, the
principles underlying these changes in function remain mysterious.

Metamodal Plasticity

In 2001, Pascual-Leone & Hamilton (2001, p. 427) suggested that “the brain might actually rep-
resent a metamodal structure organized as operators that execute a given function or computation
regardless of sensory input modality.” Thus, the role of hMT+ is determining the motion of
objects in space, the role of the visual word form area (VWFA) is decoding structured spatial
information for reading, and the role of the fusiform face area is identifying the presence and
identity of individuals. In sighted individuals, visual input provides the best source of information
for these tasks, so vision becomes the primary input. According to the metamodal hypothesis, in
blind individuals the neuroanatomical architecture of these areas should generalize to carrying
out highly analogous computational tasks using auditory or tactile input.

Numerous studies have looked for tight homologies of function within well-established visual
areas. hM'T+ has been associated with auditory motion (Bedny et al. 2010, Jiang et al. 2014,
Lewis etal. 2007, Poirier et al. 2006, Saenz et al. 2008, Wolbers et al. 2011). The VWFA has been
associated with braille reading (Burton et al. 2002, Reich et al. 2011, Sadato et al. 1996), and the
fusiform gyrus has been associated with voice processing (Gougoux et al. 2009, Holig et al. 2014).
Early-blind individuals taught to use auditory sensory substitution devices also seem to show
activity in appropriate category-specific areas, including the extrastriate body area (Striem-Amit
& Amedi 2014) and the VWFA (Striem-Amit et al. 2012a).

One concern is that the extent of the apparent similarity between early-blind and sighted
individuals may be partly a consequence of experimental biases. Most experiments published
so far have relied on measuring brain responses to stimuli and tasks that have been selected
and categorized based on what makes intuitive sense to us as sighted scientists. Moreover, the
metamodal hypothesis has led scientists to look for similarities rather than differences between
early-blind and sighted individuals. Examining functional responses using a data-driven approach
or selecting stimuli and tasks from a nonsighted perspective may yet reveal overlooked differences
in the neural representations of blind and sighted individuals (Fine 2014).

A second concern is that when data are compiled across multiple studies, the anatomical align-
ment between sighted and blind responses becomes less clear. In Figure 4, it is not obvious that
auditory motion responses cluster near hMT+, braille clusters near the VWFA, and voice local-
ization clusters near the fusiform face area. One possible reason for this apparent discrepancy is
that these areas are close to each other. Moreover, there is significant individual variability in the
location of these areas, especially when using nonsurface-based alignment techniques. This can
lead to spurious overlap when comparing the location of BOLD activations using group averaging
techniques (Jiang et al. 2015, Saenz et al. 2008). Recent progress in defining category-selective
areas using sulcal landmarks (Dumoulin et al. 2000, Weiner et al. 2014) may make it possible to
more rigorously quantify the alignment between blind and sighted functional areas.

Other groups have focused on demonstrating looser homologies of structure and function (van
den Hurk etal. 2017). For example, regions associated with visual object processing are implicated
in the processing of haptic and auditory information about objects (Amedi et al. 2001, 2007), and
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[0 Visual definition of hMT+ (visual motion area) in sighted controls (Dumoulin et al. 2000)
O [Moving footsteps versus tones] x [EB > SC] (Bedny et al. 2010)
@ MVPA for direction of auditory motion (Jiang et al. 2014)

O Complex-sound pulse trains [motion versus static] x [EB > SC] (Poirier et al. 2006)

Il Visual definition of VWFA (visual word form area) in sighted controls (Cohen et al. 2000, Ben-Shachar et al. 2007)
@ Braille versus rest [EB > SC] (Sadato et al. 1996)
@ EB: [braille words > nonsense] (Reich et al. 2011)

[l Visual definition of FFA (fusiform face area) in sighted controls (Kanwisher et al. 1997)

@ [VOC versus non-VOC ] x [EB > SC] (Gougoux et al. 2009)

O Vocal identity [incongruent > congruent] x [EB > SC] (Holig et al. 2014)

Figure 4

Examples of functional constancy in cross-modal plasticity. Square symbols show the expected stereotaxic locations (Talairach &
Tournoux 1988) of the visual motion area (hM'T+), the visual word form area (VWFA), and the fusiform face area (FFA). The circles
show the center of mass of blood-oxygen-level-dependent (BOLD) responses in blind individuals in tasks designed to isolate auditory
motion processing (yellow and brown colors), braille reading (green colors), and voice processing (blue colors). According to the metamodal
hypothesis, the red, green, and blue symbols should be clustered. Abbreviations: EB, early-blind; MVPA, multivoxel pattern activation;
SC, sighted control; VOC, vocalization.

regions within the occipital dorsal stream—whose activity is linked to visual spatial processing in
sighted subjects—are preferentially active when blind subjects perform a task involving the spatial
attributes of auditory and tactile stimuli (Collignon et al. 2011, Renier et al. 2010) as compared
to identification (Striem-Amit et al. 2012b).
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Is the Occipital Cortex Supramodal?

Some have taken the metamodal argument a step further by claiming that the cross-modal re-
sponses observed in early-blind individuals do not reflect qualitative differences but rather the un-
masking or enhancement of cross-modal responses that exist even in sighted individuals (Pascual-
Leone & Hamilton 2001, Ricciardi et al. 2014). According to this view, many cortical areas that
are generally presumed to be visual should be considered supramodal, performing certain types of
computation regardless of the sensory input modality. h(M'T+ has no innate predisposition toward
visual input even in visually typical adults; rather, h(M'T+ computes object motion using the best
available sensory information at hand and can use auditory or tactile input to perform the task if
visual input is not available.

The evidence for supramodal responses within visual areas in sighted individuals is highly
mixed. Merabet et al. (2008) examined recruitment of the occipital cortex for braille reading
across sighted individuals who either were or were not blindfolded during a five-day period.
Transcranial magnetic stimulation (TMS) to occipital cortex selectively disrupted braille reading
in the blindfolded but not the nonblindfolded group. As far as BOLD imaging was concerned,
a small region of enhanced activity within occipital cortex was found in the blindfolded versus
nonblindfolded group. However, since this study was published, the cluster-based methods that
were used to determine statistical significance have come under increasing scrutiny for having
inflated false-positive rates (Bennett et al. 2011, Eklund et al. 2016).

Several studies have found BOLD responses to auditory or tactile motion stimuli within regions
defined as hMT+ in sighted individuals (Beauchamp et al. 2007; Blake et al. 2004; Matteau et al.
2010; Poirier et al. 2005; Ricciardi et al. 2007, 2011; Sani et al. 2010; Summers et al. 2009).
However, in most of these studies, the definition of hM'T+ was based either on group averaged
data or on anatomical coordinates despite the fact that the hMT+ location cannot be reliably
identified in individuals using these methods (Dumoulin etal. 2000). Studies thatidentified hMT+
using individual visual localizers have generally failed to find auditory or tactile motion BOLD
responses within hMT+ in either sighted (Alink et al. 2012; Bedny et al. 2010; Dormal et al. 2016;
Jiang et al. 2015; Lewis et al. 2000, 2010; Saenz et al. 2008) or even late-blind (Bedny et al. 2010,
Jiang et al. 2016) individuals.

Thus, although it is clear that the responses of the visual cortex can be modulated when sighted
subjects are engaged in tasks that would benefit from visual imagery (Kourtzi & Kanwisher 2000,
Senior et al. 2000), during cross-modal tasks (Blake et al. 2004) or when cross-modal attention is
manipulated (Ciaramitaro etal. 2007), itis less clear whether passive auditory or tactile stimulation
can elicit responses in occipital areas in sighted individuals, as would be predicted if these areas
were genuinely supramodal.

Competition Across Areas as Well as Inputs

The metamodal hypothesis is generally couched in terms of competition across inputs: Areas such
as hMT+, VWFA or the fusiform gyrus select the sensory input signal that is most informative.
However, the hypothesis also generalizes to competition between areas, predicting that cortical
regions may compete for function based on their suitability for that role.

Recent data from early-blind individuals suggest that competition across cortical areas for
functional role may occur, with the deprived occipital cortex usurping the function of nonde-
prived regions of the somatosensory or auditory cortex. The first hint of this was a study of
Sadato et al. (1998), who found that secondary somatosensory areas were less activated by braille
reading in blind individuals than in sighted controls. More recently, recruitment of hMT+ for
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auditory motion processing in early-blind individuals was shown to be accompanied by a loss of
selectivity for auditory motion in the right planum temporale (Dormal et al. 2015, Jiang et al.
2014). Thus, competition between areas may play a significant role in developmental cortical
specification.

In general, the effects of early blindness on auditory and somatosensory areas are not well
understood. These areas seem to show enhancement of function, perhaps because of an increased
functional role, for some tasks (Elbertetal. 2002, Hertrich etal. 2013, Jafari & Malayeri 2014) even
while showing decreased functional engagement, perhaps because of competition with occipital
cortex, in others (Dormal et al. 2015, Jiang et al. 2014, Sadato et al. 1998).

The Reverse Hierarchy

Although the idea of functional constancy or metamodal reorganization seems to explain results
in several studies, many other findings of cross-modal plasticity do not fit this framework. Cross-
modal responses in early visual areas such as V1 and V2 are particularly mysterious. An increasing
number of studies suggest that regions near the occipital pole may be involved in abstract cognitive
tasks, such as verbal working memory, language, and mathematics (Amedi et al. 2003, Bedny et al.
2011, Burton et al. 2003, Kanjlia et al. 2016).

One model that has been put forward to explain these findings is the concept of a reverse
hierarchy (Ahissar & Hochstein 2004, Bedny 2017). In the sighted brain, feedforward cortical
responses in the LGN closely reflect the retinal stimulus. Responses gradually elaborate across
the visual hierarchy; early occipital areas extract low-level features, and higher-level visual areas
[e.g., the lateral occipital cortex (LOC)] contain more abstract representations that are relatively
invariant to object-irrelevant properties, such as size, position, or viewpoint. These high-level
representations provide the primary input into regions concerned with memory, decision, atten-
tion, and action. In sighted individuals, the primary role of the exuberant reciprocal connectivity
between high- and low-level visual areas, the reverse hierarchy, is to focus selective attention and
enhance learning within selected subgroups of lower-level neurons.

When the notion of a reverse hierarchy is applied to early-blind individuals, it is assumed that
more anterior cortical areas like hM'T+ and LOC continue to represent the objects of motion
in space or the identity of objects (albeit based on auditory and tactile input) but that the exu-
berant feedback connections to early visual areas now perform a similar role as the feedforward
connections from areas like LOC/hMT+- to higher-level cortex, further elaborating and abstract-
ing information. Thus, early visual areas become involved in cognitive processes, such as verbal
working memory, language, and mathematics.

Although conceptually elegant, one serious concern is that it is very difficult indeed to see
how feedback connections could be co-opted to a feedforward role. Feedforward connections
project to layer 4, and the local flow of information occurs between layer 4 and more superficial
layers. Feedback connections project to superficial layers 1 and 2 or to deep layers 5 and 6 (Callaway
2004). Anatomical reconfiguration of this pattern of connectivity would be extraordinary given that
this general laminar structure is highly stereotyped across the cortex and does not require visual
experience (McConnell & Kaznowski 1991). Thus, development of a reverse hierarchy would
either require anatomical reconfiguration of the laminar structure of visual cortex or require the
existing pattern of laminar connectivity to take on a strikingly different computational role. From
an engineering perspective, the idea of reversing the hierarchy is a little like playing a song to a
radio and expecting electricity to flow into your wall.
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The Potential Role of Feedback Connections in Occipital
Cross-Modal Plasticity

If we assume that feedback connections to early visual areas in blindness cannot be dramatically
repurposed, then it seems plausible that cross-modal plasticity in blind individuals might continue
to reflect feedback. In sighted individuals, feedback connections to early visual areas seem to play
three main roles. One is attentional modulation in which the responses of neurons in early visual
areas are modulated based on whether they share featural or spatial properties with the attended
stimulus. A second is predictive coding in which feedback connections contain a preattentive
template of the predicted neural response (Muckli et al. 2015, Smith & Muckli 2010), and it
is hypothesized that feedforward connections may carry an error signal reflecting the residuals
between predictions and the neuronal signal (Rao & Ballard 1999, Joo et al. 2012). Finally, foveal
early visual areas seem to provide task-dependent, position-independent representations of stimuli
thatare being imagined (Thirion etal. 2006), remembered (Serences 2016), or compared (Williams
et al. 2008). Thus, early visual areas contain a multiplexed signal in which responses are driven
not just by the visual input but also by what the individual is attending to, the expected stimulus
(Hsieh et al. 2010), and visualizations of task-relevant stimulus content.

Interestingly, most of the tasks that have been associated with V1 occipital cortex responses
in blind individuals have included a significant load on short-term working memory (Amedi et al.
2003, Bedny et al. 2011, Burton et al. 2003, Kanjlia et al. 2016, Lane et al. 2015, Watkins et al.
2012), suggesting that task-related feedback pathways involved with visualization may be the
primary source of cross-modal plasticity.

SUMMARY

Although early blindness results in dramatic changes in neurochemistry and function, alterations
in occipital neuroanatomical architecture are surprisingly subtle. Two insights may make this
apparent conundrum less perplexing.

First, it is worth noting that from the very beginning it was presumed that metamodal con-
stancy mightbe a consequence of an inflexible anatomical architecture (Pascual-Leone & Hamilton
2001). It was proposed that assignment of functional role might be the consequence of a compet-
itive process whereby computational tasks are assigned to brain regions whose innate anatomical
characteristics, including local cortical microstructure as well as global white matter connections,
were well suited to those tasks (Jacobs 1997, Jacobs & Kosslyn 1994).

Second, if the fundamental structure of cortical microcircuits reflects canonical computational
functions (such as summation or normalization) rather than specific functional roles (visual motion
processing), then dramatic changes in function may occur without an easily observable change in
neuroanatomy. The structure-function relationship for neural architectures that subserve cross-
modal plasticity may be one to many; in other words, the same architecture can subserve both
auditory and visual motion processing, making it difficult or impossible to infer changes in structure
from changes in function or vice versa (Jonas & Kording 2017). Thus, the dramatic changes
in occipital function that are observed in early-blind individuals may occur in the context of
anatomical constancy.

Finally, one possible reason why cross-modal plasticity has been observed for such a confusing
collection of tasks in early visual areas may be that most studies have focused on using whole-brain
or region of interest-based analyses of group differences in mean BOLD response. It is worth
remembering that much of the representational content of early visual areas in sighted individuals
would be almost entirely opaque to these approaches: Early visual area BOLD responses remain
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relatively constant as a function of varying orientation, spatial frequency, and eye of origin. If the
general neural architecture of visual areas is inherited during cross-modal plasticity, then looking
for regions that show group differences in BOLD responses across many voxels may similarly be
blind to critical aspects of neural representational content in blind individuals. One promising
future direction may be to move toward methods such as multivoxel pattern activation (MVPA)
or voxel-wise encoding models, which are sensitive to representational content at a finer scale.

SUMMARY POINTS

1. The plasticity that results from early blindness is driven both by the lack of vision and
by the resulting need to rely more heavily on remaining senses.

2. Early blindness results in dramatic changes in neurochemistry and metabolism.

3. Alterations in occipital neuroanatomical architecture because of early blindness are sur-
prisingly subtle.

4. Early blindness results in dramatic changes in function—cross-modal plasticity—with
much of visual cortex responding to auditory, tactile, or cognitive tasks.

5. The organizing principles underlying cross-modal plasticity are still unknown. There
are significant difficulties with current theories such as metamodal reorganization and
the reverse hierarchy.

FUTURE ISSUES
1. Investigators need to move from examining mean blood-oxygen-level-dependent
(BOLD) responses to more sophisticated measures of neuronal representations, us-

ing methods such as multivoxel pattern activation (MVPA) and/or voxel-wise encoding
models.

2. Computational models need to be developed that relate changes in brain activity to
improvements in auditory and tactile perception.

3. Future research should examine alterations in auditory and somatosensory cortices as
well as the occipital cortex.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS
Many thanks to Geoffrey M. Boynton and Mike May.

LITERATURE CITED

Abbott LF, Dayan P. 1999. The effect of correlated variability on the accuracy of a population code. Neural
Comput. 11:91-101

350  Fine o Park



Annu. Rev. Vis. Sci. 2018.4:337-356. Downloaded from www.annualreviews.org
Access provided by University of Washington on 12/12/18. For persona use only.

Ackman JB, Crair MC. 2014. Role of emergent neural activity in visual map development. Curr. Opin. Neurobiol.
24:166-75

Ahissar M, Hochstein S. 2004. The reverse hierarchy theory of visual perceptual learning. Trends Cogn. Sci.
8:457-64

Alink A, Euler F, Kriegeskorte N, Singer W, Kohler A. 2012. Auditory motion direction encoding in auditory
cortex and high-level visual cortex. Hum. Brain Mapp. 33:969-78

Amedi A, Malach R, Hendler T, Peled S, Zohary E. 2001. Visuo-haptic object-related activation in the ventral
visual pathway. Nat. Neurosci. 4:324-30

Amedi A, Raz N, Pianka P, Malach R, Zohary E. 2003. Early ‘visual’ cortex activation correlates with superior
verbal memory performance in the blind. Naz. Neurosci. 6:758-66

Amedi A, Stern WM, Camprodon JA, Bermpohl F, Merabet L, et al. 2007. Shape conveyed by visual-to-
auditory sensory substitution activates the lateral occipital complex. Nat. Neurosci. 10:687-89

Anurova I, Renier LA, De Volder AG, Carlson S, Rauschecker JP. 2015. Relationship between cortical thick-
ness and functional activation in the early blind. Cereb. Cortex 25:2035-48

Banton T, Dobkins K, Bertenthal BI. 2001. Infant direction discrimination thresholds. Vis. Res. 41:1049-56

Bavelier D, Levi DM, Li RW, Dan Y, Hensch TK. 2010. Removing brakes on adult brain plasticity: from
molecular to behavioral interventions. 7. Newurosci. 30:14964-71

Beauchamp MS, Yasar NE, Kishan N, Ro T. 2007. Human MST but not M'T responds to tactile stimulation.
7. Neurosci. 27:8261-67

Bedny M. 2017. Evidence from blindness for a cognitively pluripotent cortex. Trends Cogn. Sci. 21:637-48

Bedny M, Konkle T, Pelphrey K, Saxe R, Pascual-Leone A. 2010. Sensitive period for a multimodal response
in human visual motion area M'T/MST. Curr. Biol. 20:1900-6

Bedny M, Pascual-Leone A, Dodell-Feder D, Fedorenko E, Saxe R. 2011. Language processing in the occipital
cortex of congenitally blind adults. PNAS 108:4429-34

Benevento LA, Bakkum BW, Port JD, Cohen RS. 1992. The effects of dark-rearing on the electrophysiology
of the rat visual cortex. Brain Res. 572:198-207

Bengoetxea H, Argandofia EG, Lafuente JV. 2008. Effects of visual experience on vascular endothelial growth
factor expression during the postnatal development of the rat visual cortex. Cereb. Cortex 18:1630-39

Bengoetxea H, Ortuzar N, Bulnes S, Rico-Barrio I, Lafuente JV, Argandofia EG. 2012. Enriched and deprived
sensory experience induces structural changes and rewires connectivity during the postnatal development
of the brain. Neural. Plast. 12:305693

Bengoetxea H, Ortuzar N, Rico-Barrio I, Lafuente JV, Argandofia EG. 2013. Increased physical activity is
not enough to recover astrocytic population from dark-rearing. Synergy with multisensory enrichment
is required. Front. Cell. Neurosci. 7:170

Bennett CM, Baird AA, Miller MB, Wolford GL. 2011. Neural correlates of interspecies perspective tak-
ing in the post-mortem Atlantic salmon: an argument for proper multiple comparisons correction.
7. Serendipitous Unexpected Results 1:1-5

Ben-Shachar M, Dougherty RF, Deutsch GK, Wandell BA. 2007. Differential sensitivity to words and shapes
in ventral occipito-temporal cortex. Cereb. Cortex 17:1604-11

Blake R, Sobel KV, James TW. 2004. Neural synergy between kinetic vision and touch. Psychol. Sci. 15:397-402

Bock AS, Binda P, Benson NC, Bridge H, Watkins KE, Fine I. 2015. Resting-state retinotopic organization
in the absence of retinal input and visual experience. 7. Neurosci. 35:12366-82

Bock AS, Fine I. 2014. Anatomical and functional plasticity in early blind individuals and the mixture of experts
architecture. Front. Hum. Neurosci. 8:971

Bock AS, Olavarria JF. 2011. Neonatal enucleation during a critical period reduces the precision of cortico-
cortical projections in visual cortex. Neurosci. Lett. 501:152-56

Bock AS, Saenz M, Tungaraza R, Boynton GM, Bridge H, Fine I. 2013. Visual callosal topography in the
absence of retinal input. Neurolmage 81:325-34

Bridge H, Cowey A, Ragge N, Watkins K. 2009. Imaging studies in congenital anophthalmia reveal preser-
vation of brain architecture in ‘visual’ cortex. Brain 132:3467-80

Burton H, Diamond JB, McDermott KB. 2003. Dissociating cortical regions activated by semantic and phono-
logical tasks: a fMRI study in blind and sighted people. 7. Neurophysiol. 90:1965-82

www.annualreviews.org ¢ Blindness and Human Brain Plasticity 351



Annu. Rev. Vis. Sci. 2018.4:337-356. Downloaded from www.annualreviews.org
Access provided by University of Washington on 12/12/18. For persona use only.

Burton H, Snyder AZ, Conturo TE, Akbudak E, Ollinger JM, Raichle ME. 2002. Adaptive changes in early
and late blind: a fMRI study of braille reading. 7. Neurophysiol. 87:589-607

Callaway EM. 2004. Feedforward, feedback and inhibitory connections in primate visual cortex. Neural Netw.
17:625-32

Callaway EM, Borrell V. 2011. Developmental sculpting of dendritic morphology of layer 4 neurons in visual
cortex: influence of retinal input. 7. Neurosci. 31:7456-70

Cang J, Renteria RC, Kaneko M, Liu X, Copenhagen DR, Stryker MP. 2005. Development of precise maps
in visual cortex requires patterned spontaneous activity in the retina. Neuron 48:797-809

Cauli B, Tong XK, Rancillac A, Serluca N, Lambolez B, et al. 2004. Cortical GABA interneurons in neu-
rovascular coupling: relays for subcortical vasoactive pathways. 7. Neurosci. 24:8940-49

Ciaramitaro VM, Buracas GT, Boynton GM. 2007. Spatial and cross-modal attention alter responses to
unattended sensory information in early visual and auditory human cortex. 7. Neurophysiol. 98:2399-413

Cohen L, Dehaene S, Naccache L, Lehericy S, Dehaene-Lambertz G, et al. 2000. The visual word form
area: spatial and temporal characterization of an initial stage of reading in normal subjects and posterior
split-brain patients. Brain 123:291-307

Collignon O, Vandewalle G, Voss P, Albouy G, Charbonneau G, et al. 2011. Functional specialization for
auditory-spatial processing in the occipital cortex of congenitally blind humans. PNAS 108:4435-40

Coullon GS, Emir UE, Fine I, Watkins KE, Bridge H. 2015. Neurochemical changes in the pericalcarine
cortex in congenital blindness attributable to bilateral anophthalmia. 7. Neurophysiol. 114:1725-33

De Volder AG, Bol A, Blin ], Robert A, Arno P, et al. 1997. Brain energy metabolism in early blind subjects:
neural activity in the visual cortex. Brain Res. 750:235-44

Dehaene S, Cohen L. 2007. Cultural recycling of cortical maps. Neuron 56:384-98

Dehay C, Giroud P, Berland M, Killackey H, Kennedy H. 1996a. Contribution of thalamic input to the
specification of cytoarchitectonic cortical fields in the primate: effects of bilateral enucleation in the fetal
monkey on the boundaries, dimensions, and gyrification of striate and extrastriate cortex. 7. Comzp. Neurol.
367:70-89

Dehay C, Giroud P, Berland M, Killackey HP, Kennedy H. 1996b. Phenotypic characterisation of respecified
visual cortex subsequent to prenatal enucleation in the monkey: development of acetylcholinesterase and
cytochrome oxidase patterns. 7. Comp. Neurol. 376:386-402

Disney AA, Aoki C. 2008. Muscarinic acetylcholine receptors in macaque V1 are most frequently expressed
by parvalbumin-immunoreactive neurons. 7. Comp. Neurol. 507:1748-62

Disney AA, Domakonda KV, Aoki C. 2006. Differential expression of muscarinic acetylcholine receptors
across excitatory and inhibitory cells in visual cortical areas V1 and V2 of the macaque monkey. 7. Comzp.
Neurol. 499:49-63

Donahue M]J, Near J, Blicher JU, Jezzard P. 2010. Baseline GABA concentration and fMRI response.
Neurolmage 53:392-98

Dormal G, Lepore F, Harissi-Dagher M, Albouy G, Bertone A, et al. 2015. Tracking the evolution of cross-
modal plasticity and visual functions before and after sight restoration. 7. Neurophysiol. 113:1727-42

Dormal G, Rezk M, Yakobov E, Lepore F, Collignon O. 2016. Auditory motion in the sighted and blind:
Early visual deprivation triggers a large-scale imbalance between auditory and “visual” brain regions.
Neurolmage 134:630-44

Dubois J, Dehaene-Lambertz G, Kulikova S, Poupon C, Hiippi PS, Hertz-Pannier L. 2014. The early devel-
opment of brain white matter: a review of imaging studies in fetuses, newborns and infants. Newuroscience
276:48-71

Dumoulin SO, Bittar RG, Kabani NJ, Baker CL Jr., Le Goualher G, et al. 2000. A new anatomical landmark
for reliable identification of human area V5/MT: a quantitative analysis of sulcal patterning. Cereb. Cortex
10:454-63

Eklund A, Nichols TE, Knutsson H. 2016. Cluster failure: Why fMRI inferences for spatial extent have
inflated false-positive rates. PNAS 113:7900-5

Elbert T, Sterr A, Rockstroh B, Pantev C, Miiller MM, Taub E. 2002. Expansion of the tonotopic area in the
auditory cortex of the blind. 7. Neurosci. 22:9941-44

Fine I. 2014. Sensory systems: Do you hear what I see? Nature 508:461-62

Fine o Park



Annu. Rev. Vis. Sci. 2018.4:337-356. Downloaded from www.annualreviews.org
Access provided by University of Washington on 12/12/18. For persona use only.

Gougoux F, Belin P, Voss P, Lepore F, Lassonde M, Zatorre R]J. 2009. Voice perception in blind persons: a
functional magnetic resonance imaging study. Neuropsychologia 47:2967-74

Grubb MS, Rossi FM, Changeux JP, Thompson ID. 2003. Abnormal functional organization in the dorsal
lateral geniculate nucleus of mice lacking the beta 2 subunit of the nicotinic acetylcholine receptor. Neuron
40:1161-72

Hamel E. 2006. Perivascular nerves and the regulation of cerebrovascular tone. 7. Appl. Physiol. 100:1059-64

Hensch TK, Bilimoria PM. 2012. Re-opening windows: manipulating critical periods for brain development.
Cerebrum 2012:11

Herminghaus S, Frolich L, Gorriz C, Pilatus U, Dierks T, et al. 2003. Brain metabolism in Alzheimer dis-
ease and vascular dementia assessed by in vivo proton magnetic resonance spectroscopy. Psychiatry Res.
123:183-90

Hertrich I, Dietrich S, Ackermann H. 2013. Tracking the speech signal-time-locked MEG signals during
perception of ultra-fast and moderately fast speech in blind and in sighted listeners. Brain Lang. 124:9-21

Holig C, Focker J, Best A, Roder B, Biichel C. 2014. Brain systems mediating voice identity processing in
blind humans. Hum. Brain Mapp. 35:4607-19

Hsieh PJ, Vul E, Kanwisher N. 2010. Recognition alters the spatial pattern of fMRI activation in early
retinotopic cortex. 7. Neurophysiol. 103:1501-7

Ishikawa AW, Komatsu Y, Yoshimura Y. 2014. Experience-dependent emergence of fine-scale networks in
visual cortex. 7. Neurosci. 34:12576-86

Jacobs RA. 1997. Nature, nurture, and the development of functional specializations: a computational ap-
proach. Psychon. Bull. Rev. 4:299-309

Jacobs RA, Kosslyn SM. 1994. Encoding shape and spatial relations-the role of receptive field size in coordi-
nation complementary representations. Cogn. Sci. 18:361-68

Jafari Z, Malayeri S. 2014. Effects of congenital blindness on the subcortical representation of speech cues.
Neuroscience 258:401-9

Jiang F, Beauchamp MS, Fine I. 2015. Re-examining overlap between tactile and visual motion responses
within hMT+ and STS. Neurolmage 119:187-96

Jiang F, Stecker GC, Boynton GM, Fine I. 2016. Early blindness results in developmental plasticity for auditory
motion processing within auditory and occipital cortex. Front. Hum. Neurosci. 10:324

Jiang F, Stecker GC, Fine I. 2014. Auditory motion processing after early blindness. 7. Vis. 14:4

Jiang J, Zhu W, Shi F, Liu Y, Li ], et al. 2009. Thick visual cortex in the early blind. 7. Neurosci. 29:2205-11

Jonas E, Kording KP. 2017. Could a neuroscientist understand a microprocessor? PLOS Comput. Biol.
13:1005268

Joo §J, Boynton GM, Murray SO. 2012. Long-range, pattern-dependent contextual effects in early human
visual cortex. Curr. Biol. 22:781-86

Kanjlia S, Lane C, Feigenson L, Bedny M. 2016. Absence of visual experience modifies the neural basis of
numerical thinking. PNAS 113:111

Kanwisher N, McDermott J, Chun MM. 1997. The fusiform face area: a module in human extrastriate cortex
specialized for face perception. 7. Neurosci. 17:4302-11

Karlen SJ, Krubitzer L. 2009. Effects of bilateral enucleation on the size of visual and nonvisual areas of the
brain. Cereb. Cortex 19:1360-71

Kleinfeld D, Blinder P, Drew PJ, Driscoll JD, Muller A, et al. 2011. A guide to delineate the logic of neu-
rovascular signaling in the brain. Front. Neuroenerget. 3:1

Ko H, Mrsic-Flogel TD, Hofer SB. 2014. Emergence of feature-specific connectivity in cortical microcircuits
in the absence of visual experience. 7. Neurosci. 34:9812-16

Kourtzi Z, Kanwisher N. 2000. Activation in human M'T/MST by static images with implied motion. 7. Cogn.
Neurosci. 12:48-55

Lane C, Kanjlia S, Omaki A, Bedny M. 2015. “Visual” cortex of congenitally blind adults responds to syntactic
movement. 7. Neurosci. 35:12859—68

Lecrux C, Hamel E. 2011. The neurovascular unit in brain function and disease. Acta Physiol. 203:47-59

Levin N, Dumoulin SO, Winawer J, Dougherty RF, Wandell BA. 2010. Cortical maps and white matter tracts
following long period of visual deprivation and retinal image restoration. Neuron 65:21-31

www.annualreviews.org ¢ Blindness and Human Brain Plasticity 353



Annu. Rev. Vis. Sci. 2018.4:337-356. Downloaded from www.annualreviews.org
Access provided by University of Washington on 12/12/18. For persona use only.

Lewis JW, Beauchamp MS, DeYoe EA. 2000. A comparison of visual and auditory motion processing in
human cerebral cortex. Cereb. Cortex 10:873-88

Lewis L, Saenz M, Fine I. 2007. Patterns of cross-modal plasticity in the visual cortex of early blind human
subjects across a variety of tasks and input modalities. 7. Vis. 7(9):875

Lewis LB, Saenz M, Fine I. 2010. Mechanisms of cross-modal plasticity in early-blind subjects. 7. Neurophysiol.
104:2995-3008

Matteau I, Kupers R, Ricciardi E, Pietrini P, Ptito M. 2010. Beyond visual, aural and haptic movement
perception: hM'T+ is activated by electrotactile motion stimulation of the tongue in sighted and in
congenitally blind individuals. Brain Res. Bull. 82:264-70

McConnell SK, Kaznowski CE. 1991. Cell cycle dependence of laminar determination in developing neocor-
tex. Science 254:282-85

McLaughlin T, Torborg CL, Feller MB, O’Leary DD. 2003. Retinotopic map refinement requires sponta-
neous retinal waves during a brief critical period of development. Neuron 40:1147-60

Merabet LB, Hamilton R, Schlaug G, Swisher JD, Kiriakopoulos ET, et al. 2008. Rapid and reversible
recruitment of early visual cortex for touch. PLOS ONE 3:¢3046

Movshon JA, Van Sluyters RC. 1981. Visual neural development. Annu. Rev. Psychol. 32:477-522

Muckli L, De Martino F, Vizioli L, Petro LS, Smith FW, etal. 2015. Contextual feedback to superficial layers
of V1. Curr. Biol. 25:2690-95

Muthukumaraswamy SD, Evans CJ, Edden RA, Wise RG, Singh KD. 2012. Individual variability in the shape
and amplitude of the BOLD-HRF correlates with endogenous GABAergic inhibition. Humz. Brain Mapp.
33:455-65

Nicolakakis N, Hamel E. 2011. Neurovascular function in Alzheimer’s disease patients and experimental
models. 7. Cereb. Blood Flow Metab. 31:1354-70

Noppeney U, Friston KJ, Ashburner J, Frackowiak R, Price CJ. 2005. Early visual deprivation induces struc-
tural plasticity in gray and white matter. Curr. Biol. 15:R488-90

Osher DE, Saxe RR, Koldewyn K, Gabrieli JD, Kanwisher N, Saygin ZM. 2016. Structural connectivity
fingerprints predict cortical selectivity for multiple visual categories across cortex. Cereb. Cortex 26:1668—
83

Pascual-Leone A, Hamilton R. 2001. The metamodal organization of the brain. Prog. Brain Res.134:427-45

Poirier C, Collignon O, Devolder AG, Renier L, Vanlierde A, et al. 2005. Specific activation of the V5 brain
area by auditory motion processing: an fMRI study. Brain Res. Cogn. Brain Res. 25:650-58

Poirier C, Collignon O, Scheiber C, Renier L, Vanlierde A, et al. 2006. Auditory motion perception activates
visual motion areas in early blind subjects. Neurolmage 31:279-85

Ptito M, Schneider FCG, Paulson OB, Kupers R. 2008. Alterations of the visual pathways in congenital
blindness. Exp. Brain Res. 187:41-49

Rakic P, Suner I, Williams RW. 1991. A novel cytoarchitectonic area induced experimentally within the
primate visual cortex. PNAS 88:2083-87

Rao RPN, Ballard DH. 1999. Predictive coding in the visual cortex: a functional interpretation of some
extra-classical receptive-field effects. Nat. Neurosci. 2:79-87

Raviola E, Wiesel TN. 1978. Effect of dark-rearing on experimental myopia in monkeys. Investig. Ophthalmol.
Vis. Sci. 17:485-88

Reich L, Szwed M, Cohen L, Amedi A. 2011. A ventral visual stream reading center independent of visual
experience. Curr. Biol. 21:363-68

Reillo I, de Juan Romero C, Garcia-Cabezas MA, Borrell V. 2011. A role for intermediate radial glia in the
tangential expansion of the mammalian cerebral cortex. Cereb. Cortex 21:1674-94

Renier LA, Anurova I, De Volder AG, Carlson S, VanMeter J, Rauschecker JP. 2010. Preserved functional
specialization for spatial processing in the middle occipital gyrus of the early blind. Neuron 68:138-48

Ricciardi E, Basso D, Sani L, Bonino D, Vecchi T, et al. 2011. Functional inhibition of the human middle
temporal cortex affects non-visual motion perception: a repetitive transcranial magnetic stimulation study
during tactile speed discrimination. Exp. Biol. Med. 236:138-44

Ricciardi E, Bonino D, Pellegrini S, Pietrini P. 2014. Mind the blind brain to understand the sighted one! Is
there a supramodal cortical functional architecture? Newurosci. Biobehav. Rev. 41:64-77

Fine o Park



Annu. Rev. Vis. Sci. 2018.4:337-356. Downloaded from www.annualreviews.org
Access provided by University of Washington on 12/12/18. For persona use only.

Ricciardi E, Vanello N, Sani L, Gentili C, Scilingo EP, et al. 2007. The effect of visual experience on the
development of functional architecture in hMT+. Cereb. Cortex 17:2933-39

Rizzi M, Russell L, Powell K. 2014. Do visual circuits mature without visual stimuli? 7. Neurosci. 34:15833-35

Sadato N, Okada T, Honda M, Yonekura Y. 2002. Critical period for cross-modal plasticity in blind humans:
a functional MRI study. Neurolmage 16:389-400

Sadato N, Pascual-Leone A, Grafman J, Deiber MP, Ibanez V, Hallett M. 1998. Neural networks for braille
reading by the blind. Brain 121(Part 7):1213-29

Sadato N, Pascual-Leone A, Grafman J, Ibanez V, Deiber MP, et al. 1996. Activation of the primary visual
cortex by braille reading in blind subjects. Nature 380:526-28

Saenz M, Lewis LB, Huth AG, Fine I, Koch C. 2008. Visual motion area MT+/V5 responds to auditory
motion in human sight-recovery subjects. 7. Neurosci. 28:5141-48

Sani L, Ricciardi E, Gentili C, Vanello N, Haxby JV, Pietrini P. 2010. Effects of visual experience on the human
MT+ functional connectivity networks: an fMRI study of motion perception in sighted and congenitally
blind individuals. Front. Syst. Neurosci. 4:159

Saygin ZM, Osher DE, Norton ES, Youssoufian DA, Beach SD, et al. 2016. Connectivity precedes function
in the development of the visual word form area. Nat. Neurosci. 19:1250-55

Senior C, Barnes J, Giampietro V, Simmons A, Bullmore ET, et al. 2000. The functional neuroanatomy of
implicit-motion perception or representational momentum. Cur7. Biol. 10:16-22

Serences JT. 2016. Neural mechanisms of information storage in visual short-term memory. Vis. Res. 128:53—
67

Sherman SM, Spear PD. 1982. Organization of visual pathways in normal and visually deprived cats. Physiol.
Rev. 62:738-855

Shimony JS, Burton H, Epstein AA, McLaren DG, Sun SW, Snyder AZ. 2006. Diffusion tensor imaging
reveals white matter reorganization in early blind humans. Cereb. Cortex 16:1653-61

ShuN, LiJ, Li K, Yu C, Jiang T. 2009. Abnormal diffusion of cerebral white matter in early blindness. Huzz.
Brain Mapp. 30:220-27

Smith FW, Muckli L. 2010. Nonstimulated early visual areas carry information about surrounding context.
PNAS 107:20099-103

Stellwagen D, Shatz CJ. 2002. An instructive role for retinal waves in the development of retinogeniculate
connectivity. Neuron 33:357-67

Striem-Amit E, Amedi A. 2014. Visual cortex extrastriate body-selective area activation in congenitally blind
people “seeing” by using sounds. Curr. Biol. 24:687-92

Striem-Amit E, Cohen L, Dehaene S, Amedi A. 2012a. Reading with sounds: sensory substitution selectively
activates the visual word form area in the blind. Newuron 76:640-52

Striem-Amit E, Dakwar O, Reich L, Amedi A. 2012b. The large-scale organization of “visual” streams emerges
without visual experience. Cereb. Cortex 22:1698-709

Striem-Amit E, Ovadia-Caro S, Caramazza A, Margulies DS, Villringer A, Amedi A. 2015. Functional con-
nectivity of visual cortex in the blind follows retinotopic organization principles. Brain 138:1679-95

Summers IR, Francis ST, Bowtell RW, McGlone FP, Clemence M. 2009. A functional-magnetic-resonance-
imaging investigation of cortical activation from moving vibrotactile stimuli on the fingertip. 7. Acoust.
Soc. Am. 125:1033-39

Talairach J, Tournoux P. 1988. Co-Planar Stereotaxic Atlas of the Human Brain: 3-Dimensional Proportional
System: An Approach to Cerebral Imaging. New York: Thieme

Thirion B, Duchesnay E, Hubbard E, Dubois J, Poline JB, et al. 2006. Inverse retinotopy: inferring the visual
content of images from brain activation patterns. Neurolmage 33:1104-16

van den Hurk J, Van Baelen M, Op de Beeck HP. 2017. Development of visual category selectivity in ventral
visual cortex does not require visual experience. PNAS 114:E4501-10

Van Essen DC. 2005. Corticocortical and thalamocortical information flow in the primate visual system. Prog.
Brain Res. 149:173-85

Veraart C, De Volder AG, Wanet-Defalque MC, Bol A, Michel C, Goffinet AM. 1990. Glucose utilization in
human visual cortex is abnormally elevated in blindness of early onset but decreased in blindness of late
onset. Brain Res. 510:115-21

www.annualreviews.org ¢ Blindness and Human Brain Plasticity



Annu. Rev. Vis. Sci. 2018.4:337-356. Downloaded from www.annualreviews.org

Access provided by University of Washington on 12/12/18. For persona use only.

Wanet-Defalque MC, Veraart C, De Volder A, Metz R, Michel C, et al. 1988. High metabolic activity in the
visual cortex of early blind human subjects. Brain Res. 446:369-73

Watkins KE, Cowey A, Alexander L, Filippini N, Kennedy JM, etal. 2012. Language networks in anophthalmia:
maintained hierarchy of processing in ‘visual’ cortex. Brain 135:1566-77

Weaver KE, Richards TL, Saenz M, Petropoulos H, Fine I. 2013. Neurochemical changes within human
early blind occipital cortex. Newuroscience 252:222-33

Weiner KS, Golarai G, Caspers J, Chuapoco MR, Mohlberg H, et al. 2014. The mid-fusiform sulcus: a land-
mark identifying both cytoarchitectonic and functional divisions of human temporal cortex. Neurolmage
84:453-65

Wertz A, Trenholm S, Yonehara K, Hillier D, Raics Z, et al. 2015. Single-cell initiated monosynaptic tracing
reveals layer-specific cortical network modules. Science 349:70-74

Wiesel TN, Hubel DH. 1963. Effects of visual deprivation on morphology and physiology of cells in the cats
lateral geniculate body. 7. Neurophysiol. 26:978-93

Wiesel TN, Hubel DH. 1965. Extent of recovery from the effects of visual deprivation in kittens. 7. Neurophysiol.
28:1060-72

Williams MA, Baker CI, Op de Beeck HP, Shim WM, Dang S, etal. 2008. Feedback of visual objectinformation
to foveal retinotopic cortex. Nat. Neurosci. 11:1439-45

Wolbers T, Zahorik P, Giudice NA. 2011. Decoding the direction of auditory motion in blind humans.
Neurolmage 56:681-87

Workman AD, Charvet CJ, Clancy B, Darlington RB, Finlay BL. 2013. Modeling transformations of neu-
rodevelopmental sequences across mammalian species. 7. Newurosci. 33:7368-83

356  Fine o Park



Annu. Rev. Vis. Sci. 2018.4:337-356. Downloaded from www.annualreviews.org

Access provided by University of Washington on 12/12/18. For persona use only.

I
[R
Annual Review of

Vision Science

Volume 4, 2018

A Life in Vision
Jobn E.Dowling ... 1

MicroRNAs in Retinal Development
Thomas A. Reb and Robert Hindges .....................c.cooiiiiiiiiii 25

Microglia in the Retina: Roles in Development, Maturity, and Disease
Sean M. Silverman and Wai T. Wong ..., 45

Plasticity of Retinal Gap Junctions: Roles in Synaptic Physiology
and Disease
Fobn O’Brien and Stewart A. Bloomfield ...........................cccciii 79

Retinal Vasculature in Development and Diseases
Ye Sun and Lois ELH. Smith ...................coiiiiiiiiiiiiii 101

Parallel Processing of Rod and Cone Signals: Retinal Function
and Human Perception

William N. Grimes, Adree Songco-Aguas, and Fred Rieke ............................... 123
Elementary Motion Detection in Drosophila: Algorithms and

Mechanisms

Helen H. Yang and Thomas R. Clandinin ............................ccccccciii. 143

Neural Mechanisms of Motion Processing in the Mammalian Retina
Wei Wei ... 165

Vision During Saccadic Eye Movements
Paola Binda and Maria Concetta Morrone ..................ccccciiiiiiiiiiiiiiiiiiins. 193

Corollary Discharge Contributions to Perceptual Continuity
Across Saccades
Robert H. Wurtz ... 215

Visual Function, Organization, and Development of the Mouse

Superior Colliculus
Fianbua Cang, Elise Savier, Jad Barchini, and Xiaorong Lin ............................ 239

Thalamocortical Circuits and Functional Architecture
Jens Kremkow and fose-Manuel Alonso........................cccoiiiiiiiiii, 263



Annu. Rev. Vis. Sci. 2018.4:337-356. Downloaded from www.annualreviews.org

Access provided by University of Washington on 12/12/18. For persona use only.

Linking V1 Activity to Behavior
Eyal Seidemann and Wilson S. Geisler ........................c.ccciiiiiiiiiiii, 287

A Tale of Two Visual Systems: Invariant and Adaptive Visual
Information Representations in the Primate Brain

Blindness and Human Brain Plasticity
Ione Fine and Fi-Min Park .................. ... . i 337

How Visual Cortical Organization Is Altered by Ophthalmologic
and Neurologic Disorders

Serge O. Dumounlin and Tomas Knapen ...........................cccccciiiiii, 357
The Organization and Operation of Inferior Temporal Cortex

Bevil R. Commway ..o 381
Invariant Recognition Shapes Neural Representations of Visual Input

Andrea Tacchetti, Leyla Isik, and Tomaso A. Poggio ............................c.o.. 403
Shape from Contour: Computation and Representation

Fames Elder ... ... 423
Geometry of Pictorial Relief

Fan F. Koenderink, Andrea J. van Doorn, and Foban Wagemans ....................... 451
Color Perception: Objects, Constancy, and Categories

Christoph Witzel and Karl R. Gegenfurtner ........................ccccccoiiiiii. 475
Motion Perception: From Detection to Interpretation

Shin’ya Nishida, Takahiro Kawabe, Masataka Sawayama, and Taiki Fukiage ........ 501
Errata

An online log of corrections to Annual Review of Vision Science articles may be found at
http://www.annualreviews.org/errata/vision



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Vision Science

	Most Downloaded  Vision Science
Reviews 
	Most Cited Vision Science
Reviews 
	Annual Review of Vision Science
Errata 
	View Current Editorial Committee

	All Articles in the Annual Review of Vision Science, Vol. 4
	A Life in Vision
	MicroRNAs in Retinal Development
	Microglia in the Retina: Roles in Development, Maturity, and Disease
	Plasticity of Retinal Gap Junctions: Roles in Synaptic Physiology and Disease
	Retinal Vasculature in Development and Diseases
	Parallel Processing of Rod and Cone Signals: Retinal Function and Human Perception
	Elementary Motion Detection in Drosophila: Algorithms and Mechanisms
	Neural Mechanisms of Motion Processing in the Mammalian Retina
	Vision During Saccadic Eye Movements
	Corollary Discharge Contributions to Perceptual Continuity Across Saccades
	Visual Function, Organization, and Development of the Mouse Superior Colliculus
	Thalamocortical Circuits and Functional Architecture
	Linking V1 Activity to Behavior
	A Tale of Two Visual Systems: Invariant and Adaptive Visual Information Representations in the Primate Brain
	Blindness and Human Brain Plasticity
	How Visual Cortical Organization Is Altered by Ophthalmologic and Neurologic Disorders
	The Organization and Operation of Inferior Temporal Cortex
	Invariant Recognition Shapes Neural Representations of Visual Input
	Shape from Contour: Computation and Representation
	Geometry of Pictorial Relief
	Color Perception: Objects, Constancy, and Categories
	Motion Perception: From Detection to Interpretation


