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The incidence of cortically induced blindness is increasing as our population ages. The major cause of cortically induced
blindness is stroke affecting the primary visual cortex. While the impact of this form of vision loss is devastating to
quality of life, the development of principled, effective rehabilitation strategies for this condition lags far behind those
used to treat motor stroke victims. Here we summarize recent developments in the still emerging field of visual
restitution therapy, and compare the relative effectiveness of different approaches. We also draw insights into the
properties of recovered vision, its limitations and likely neural substrates. We hope that these insights will guide future
research and bring us closer to the goal of providing much-needed rehabilitation solutions for this patient population.
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Introduction

Cortically induced blindness (CB) is a form of vision loss
caused by damage to the primary visual cortex (area V1;
Holmes 1918; Lawton Smith 1962; Leopold 2012; Teuber
and others 1960; Trobe and others 1973). Although
extrastriate cortex is also often injured in CB, it is damage
to V1 or its immediate afferents that appears to induce
blindness (Holmes 1918; Lawton Smith 1962; Leopold
2012; Teuber and others 1960; Trobe and others 1973).
Stroke involving the posterior or middle cerebral arteries
accounts for the great majority of cases, though traumatic
brain injury, tumors or their resection, and even congenital
conditions may result in similar presentation (Fujino and
others 1986; Lawton Smith 1962; Reitsma and others 2013;
Trobe and others 1973; Zhang and others 2006a; Zhang and
others 2006b). The incidence of CB in the general popula-
tion is remarkably high (Geddes and others 1996; Gilhotra
and others 2002; Pollock and others 2011b). For instance,
each year in the United States, there are about 1 million new
cases of stroke, with 27% to 57% of them exhibiting dam-
age to V1 or its afferents (Pollock and others 2011b). Some
spontaneous improvements in vision may occur within the
first few months after brain damage, but significant residual
visual defects usually remain (Zhang and others 2006b).
These defects substantially decrease the capacity to live
independently and thus, quality of life (Dombovy and oth-
ers 1986; Jones and Shinton 2006; Jongbloed 1986). Many
CB patients lose the ability to drive (de Jong and Warmink
2003; Papageorgiou and others 2007). However, others
retain their driver’s licenses and drive routinely (Peli and
Peli 2002), presenting significant danger to themselves and
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those around them (Bowers and others 2014; Bowers and
others 2009; Bowers and others 2010). And yet, despite the
prevalence of CB and its debilitating impact on everyday
life, there are currently no widely accepted, validated clini-
cal therapies available for the restoration of these deficits
(Pollock and others 2011b).

Before reviewing the latest research on rehabilitation
of CB, it is worth noting that the visual defects present in
CB have several features that distinguish them from other
forms of blindness. First, unilateral V1 damage (occur-
ring in only one brain hemisphere; Fig. 1A) causes loss of
vision in the contralateral hemifield of both eyes—that is,
the visual defect is homonymous (Fig. 1). Second,
depending on the extent of the V1 lesion, the loss of
vision can vary greatly in size—anywhere from a small
scotoma about the size of the blind spot, to a quadrant
(quadrantanopia), to a full hemifield of vision (hemiano-
pia; Fig. 1C). In most cases, however, central vision,
including the foveal representation, remains intact (Leff
2004), though this is not always apparent on coarse auto-
mated perimetry. This is because the occipital pole, where

'Department of Brain & Cognitive Sciences, University of Rochester,
Rochester, NY, USA

2The Flaum Eye Institute, University of Rochester, Rochester, NY,
USA

3The Center for Visual Science, University of Rochester, Rochester,
NY, USA

Corresponding Author:

Michael D. Melnick, Department of Brain & Cognitive Sciences,
University of Rochester, Rochester, NY 14627-0268, USA.
Email: mmelnick@mail.cvs.rochester.edu

com at VANDERBILT UNIV on April 26, 2016


mailto:mmelnick@mail.cvs.rochester.edu
http://nro.sagepub.com/
http://nro.sagepub.com/
http://nro.sagepub.com/

The Neuroscientist 22(2)

20

104
04+

-101

Degrees of visual angle

®
— N W
o o o
(gp) Auamisues
uol}0818p douUBUIWLINT

-20 T T T T 0
-30 -20 -10 0 10 20 30
Degrees of visual angle

Figure 1. Assessing the impact of primary visual cortex
damage in humans. (A) Horizontal magnetic resonance image
of the head of a patient >6 months after a stroke affecting the
occipital cortex of the right hemisphere. The eyes are clearly
visible at the top of the image. Note the markedly enlarged
ventricle in the posterior half of the right hemisphere, a
common consequence of degenerated cortical brain matter.
(B) Photograph of a Humphrey visual field perimeter
machine showing the “bowl” in which small spots of light are
presented in a regular array. The patient’s head is fitted into
a chin-forehead rest frame at the entrance of the bowl and
vision is corrected monocularly using trial lenses inserted into
the black holder at the center of the bowl aperture. (C) A
portion of the 24-2 Humphrey visual field printout generated
for each eye of the patient whose brain lesion is shown in A.
This patient is considered to have a large, left, homonymous
hemianopia. Note also the small blind spot, visible only in the
right eye of this patient. The luminance detection sensitivity
measured monocularly by Humphrey perimetry can then

be combined to generate a singular, interpolated map of
luminance detection sensitivity in decibels (dB) across the
central visual field (bottom plot).

the fovea is generally represented, receives part of its blood
supply from the middle cerebral artery as well as from
branches of the posterior cerebral artery (Horton and Hoyt

1991; Leff 2004; Marinkovic and others 1987). Because
strokes rarely affect all branches of both arteries, stroke-
induced destruction of all of V1 is extremely rare. As such,
CB patients, including many of those with bilateral V1
damage, generally maintain the ability to fixate and iden-
tify small objects centrally. This, as detailed below, is of
critical importance for successful rehabilitation.

Third, another unique property of CB is the presence of
residual, though largely unconscious, visual processing
abilities in the blind field. Termed blindsight by Weiskrantz
and colleagues in 1974 (Sanders and others 1974;
Weiskrantz and others 1974), this phenomenon includes
the ability to perform above chance when forced to detect
or discriminate stimuli inside blind fields (for reviews, see
Cowey 2010; Stoerig 2006; Weiskrantz2009). Interestingly,
in contrast with normal vision (Campbell and Robson
1968; Kelly 1975, 1979; Roufs 1972), blindsight can only
be elicited by large, coarse stimuli moving or flickering at
intermediate temporal frequencies (Barbur and others
1994; Morland and others 1999; Sahraie and others 2008;
Sahraie and others 2003; Weiskrantz and others 1991). In
spite of this restricted visual “range,” some CB individuals
with blindsight can also discriminate and detect color
(Blythe and others 1987; Pasik and Pasik 1982; Stoerig
and Cowey 1995; Weiskrantz and others 1991; Zeki and
Ffytche 1998), luminance (Blythe and others 1987), affec-
tive/emotional stimuli (Morris and others 2001; Tamietto
and others 2012), and form (Barbur and others 1993;
Goebel and others 2001; Stoerig and Cowey 1997). As not
all CB patients show these capacities, blindsight may not
be a unitary phenomenon, but rather, one that is diverse in
its properties due to heterogeneity in the underlying neuro-
logical damage across individuals.

The perceptual consequences of V1 damage have been
studied extensively in both humans and non-human pri-
mates (for reviews, see Cowey 2010; Stoerig 20006;
Weiskrantz 2009). This work also plays a pivotal role in
the consciousness literature where it helped define neural
processes that underlie visual awareness (Brogaard 2015;
Foley 2015; Leopold 2012; Overgaard and Griinbaum
2011; Overgaard and Mogensen 2015). For our purposes,
blindsight research is notable because it provides a
detailed documentation of spared visual processing abili-
ties in individuals with CB. This, in turn, has helped iden-
tify the anatomical and functional substrates suitable for
the development of visual rehabilitation strategies in CB.

Can a VI-Damaged Visual System Be
Retrained to See?

The Clinical Perspective

Whether visual deficits can be reversed in CB patients is
one of the most controversial topics in rehabilitative
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medicine. The general mind-set in the field is probably
best summarized by findings of the Cochrane Review on
Interventions for Visual Field Defects in Patients with
Stroke (Pollock and others 2011a). This review was con-
ducted by the Cochrane Collaboration, an independent,
not-for-profit, non-governmental organization, whose
goal is to organize and evaluate medical research infor-
mation according to the principles of evidence-based
medicine (see http://community.cochrane.org/about-us/
our-principles). The group conducts and publishes highly
respected, systematic reviews of randomized controlled
trials for health care interventions, and it has an official
relationship with the World Health Organization (WHO),
allowing it to provide input into WHO resolutions.

With respect to stroke-induced CB, the 2011 Cochrane
Review (Pollock and others 2011b) examined three
classes of interventions: (1) restitution therapies, which
aim to recover visual field deficits and are the subject of
this review; (2) compensation therapies, which use sac-
cadic eye movement strategies to capture visual informa-
tion that would normally fall onto blind portions of the
visual field (e.g., Kerkhoff 1999, 2000; Spitzyna and oth-
ers 2007; Weinberg and others 1977); and (3) substitution
therapies, which use prisms or other optical devices to
present/overlay stimuli that would normally fall in the
blind field, onto intact portions of the visual field (e.g.,
Peli 2000; Rossi and others 1990; Szlyk and others 2008).

Although a few of the examined studies demonstrated
benefits for reading and quality of life (Spitzyna and oth-
ers 2007, Weinberg and others 1977), the Cochrane
Review concluded that randomized, double-masked, con-
trolled clinical trials conducted to date had failed to dem-
onstrate the efficacy of any of the current interventions
used in the clinic at improving vision in CB (Pollock and
others 2011b; Pollock and others 2012).

The Basic Science Perspective

As mentioned above, the present review deals only with
one of the therapeutic approaches examined in the
Cochrane Review—restitution therapy. Restitution of
vision is fundamentally appealing in CB because it tar-
gets reversal of, rather than compensation for, the under-
lying disability. However, the only restitution approach
considered by the 2011 Cochrane Review was the com-
mercially available Visual Restitution Therapy (VRT,
NovaVision Inc.). None of the other (still experimental)
restitution approaches described below were included
because at the time of the Review, none of them had been
used in published, randomized, double-blind, placebo-
controlled clinical trials in the United States.

VRT is at its heart, a luminance detection paradigm
very similar to common perimetry techniques (for
detailed review of VRT work, see Turco and others 2015).

Patients detect spots of light on a black screen at multiple
locations across the border between the blind and intact
visual hemifields (Fig. 2A)—an exercise that authors
claim could shift the blind field border by about 5 degrees
(Kasten and Sabel 1995; Kasten and others 1998). A
series of articles by Sabel’s group supported this benefit
(for review, see Turco and others 2015). The claims of
Sabel and collegues, however, were put into question
with the publication of two studies conducted by
Trauzettel-Klosinski, Reinhard, and colleagues (Reinhard
and others 2005; Schreiber and others 2006). The first
study (Reinhard and others 2005) carefully controlled the
impact of eye movements during pre- and post-training
tests using scanning laser ophthalmoscopy. Under those
conditions, perimetric improvements in the visual field
could no longer be demonstrated after VRT. Similar find-
ings emerged from a study using carefully controlled
Tuebingen perimetry (Schreiber and others 2006). Both
studies concluded that patients likely developed compen-
satory, saccadic eye movements during VRT, and that
these eye movements, rather than restoration of vision in
parts of the blind field, accounted for the previously
reported positive results with VRT (Horton 2005).
Another problem was that VRT required patients to detect
bright stimuli on a black background, which can allow
stimulus detection based on light scatter reaching intact
regions of the visual field (Bach-Y-Rita 1983; Pelak and
others 2007). Finally, NovaVision clinical studies also
tested efficacy with an evaluation task identical to the
training task (high-resolution perimetry), confounding
vision restoration with improved performance on just the
training task.

In response to concerns raised about NovaVision’s
VRT results, several different laboratories initiated exper-
iments aimed at establishing whether visual recovery
could be attained with other stimuli, tasks, and when strin-
gent fixation control was applied during pre- and post-
training tests. Success was achieved using an impressively
large variety of restitution training approaches that
included recognition of static (Chokron and others 2008;
Das and others 2014), flickering (Raninen and others
2007; Sahraie and others 2010; Sahraie and others 2006;
Trevathan and others 2012) or moving targets (Das and
others 2014; Huxlin and others 2009; Vaina and others
2014). Figure 2B-I shows the wide range of stimuli and
tasks used in these studies. In another important distinc-
tion from VRT, most of these groups presented targets
fully in the blind field rather than straddling the border
between intact and impaired vision, and a significant pro-
portion (Bergsma and others 2012; Bergsma and van der
Wildt 2010; Das and others 2014; Huxlin and others
2009; Sahraie and others 2010; Sahraie and others 2013;
Sahraie and others 2006) used infrared eye trackers to
enforce fixation during testing. The key principle behind
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B: Sahraie et al., 2006, 2010
C, G: Raninen et al., 2007

D, H: Chokron et al., 2008

E, F: Huxlin et al., 2009, 2014
I: Vaina et al., 2014
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Figure 2. Details of stimuli and tasks employed for visual retraining of subjects with cortically induced blindness (CB). Except

for Visual Restitution Therapy (VRT; A), all stimuli are drawn to scale, with the scale bar shown in panel D. Panels C and D show

the largest and smallest stimuli used in retraining by Raninen and Chokron and colleagues. Note that during training, only one
stimulus was actually shown on each trial. Panel H illustrates three different tasks used by Chokron and others (2008). Each of

three tasks was used in separate sessions. Arrows and dashed circles in E and | illustrate dot motion directions and spatial extent

of the stimuli. Neither was shown during the actual task. Where specific stimulus locations were indicated, their eccentricity is
shown next to each stimulus schematic. Where stimulus locations were variable or not indicated, a descriptor of whether the
stimuli were presented inside the blind field or near/along the blind field border is provided next to the appropriate stimulus

schematic. OM = outcome measure, AFC = alternative forced choice.

this approach was that for visual restitution therapy to
work, one had to force the blind field (not portions of the
intact visual field) to process stimuli using spared cortical
circuits that functioned abnormally post-lesion.

An interesting example among this set of restitution
studies used a training paradigm called Restorative
Function Training (RFT), which involved training patients
to detect Goldmann perimetry—like stimuli inside the blind
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field. Over time, such training gradually decreased the
size of the blind field, as measured by Goldmann perim-
etry (Bergsma and others 2012; Bergsma and van der
Wildt 2008, 2010), while also improving reading speed in
most of the patients, and color/shape perception in just
under half the patients tested (Bergsma and others 2012).

In contrast to the use of perimetry-like detection tasks,
teams led by A. Sahraie (Sahraie and others 2006) and A.
Raninen (Raninen and others 2007) used forced choice
training paradigms and localized stimuli to retrain CB
patients. In these paradigms, the subjects were forced to
choose between two or more response options, indicating
which of two intervals contained a target stimulus (Fig.
2B and C) or which of 4 letters were presented in a single
interval. Among other things, the forced-choice nature of
the training tasks helped reduce response biases, which
can plague simpler (i.e., perimetry-based) detection para-
digms. In addition, the target stimuli flickered, a property
that typically induces blindsight (Sahraie and others
2008; Weiskrantz and others 1995). The stimuli used by
Sahraie and colleagues were large, vertical, flickering
gratings (6° or 10° diameter, 1 cycle per degree, 10-Hz
flicker; Fig. 2B), which decreased in contrast in order to
continue to challenge subjects as they improved (Sahraie
and others 2010; Sahraie and others 2006). In addition to
improvements on the trained tasks, most patients also
showed significant improvements on automated perime-
try, although the amount of visual field recovered varied
widely between individuals. In those who showed no
beneficial effects of training, Sahraie and others sug-
gested, based on examination of structural MRIs, that
damage affecting both V1 and its immediate subcortical
inputs, such as the dorsal lateral geniculate nucleus
(dLGN) and/or pulvinar nucleus, may eliminate the abil-
ity to regain vision—at least with the perceptual training
techniques employed thus far (Sahraie and others 2010;
Sahraie and others 2013).

The last major class of visual restitution approaches
tried in CB patients involved training on discrimination,
identification or comparison tasks. This required subjects
not only to detect, but also to make judgments about the
nature of stimuli presented in their blind field. Raninen
and colleagues (Raninen and others 2007) trained 2
patients to discriminate flickering letters (T, L, H and U;
Fig. 2G), in addition to training them to detect flickering
luminance targets in a separate location of the blind field
(Fig. 2C). Both subjects improved gradually over time, on
both tasks, although no significant changes were observed
in the size of their blind field, as defined by Goldmann
perimetry. Chokron and others (2008) sequentially trained
CB patients on four different tasks: detection of a static
shape (Fig. 2D), shape comparison (rectangle vs. triangle)
between the intact and blind hemifields, orientation dis-
crimination, and letter identification in their blind field

(Fig. 2H). Performance on all tasks improved significantly
in the subjects’ blind fields, though never to levels mea-
sured in their intact hemifield of vision. In spite of this, a
significant reduction in the size of the blind field was
observed on performing Humphrey automated perimetry
(Chokron and others 2008). Huxlin and colleagues
reported that relearning of coarse (left/right) global motion
discriminations using dark, random dot stimuli presented
on a bright background (to minimize light scatter; Fig.
2E), as well as static orientation discrimination of non-
flickering Gabors (Fig. 2F) could both be achieved in cor-
tically blind fields. In fact, CB subjects were able to
relearn to discriminate global motion and to attain normal
integration thresholds at trained, blind field locations,
while using fixation control with an infrared eye tracker
(Cavanaugh and others 2015; Das and others 2014; Huxlin
and others 2009). Both training tasks (global motion and
static orientation discrimination) also decreased the size
of the patients’ blind field, as defined by Humphrey auto-
mated perimetry (Huxlin and others 2009). Finally, Vaina
and colleagues performed a different form of global
motion discrimination training (Fig. 2I) in a single hemi-
anopic patient, and also reported significant improvement
on the trained task, as well as on Humphrey automated
perimetry and on discriminating motion-defined form
(Vaina and others 2014).

In summary, multiple studies by different research
groups involving a diversity of training techniques indi-
cate that visual training can be used to recover some of
the vision lost in CB, even when one controls for fixation
and light scatter during testing. Therefore, despite exten-
sive damage to the primary visual cortex and seriously
impaired awareness and visual sensitivity, the adult visual
system may in fact maintain its capacity for relearning
both simple and complex visual discriminations across
blind portions of the visual field. Although controlled,
multicenter clinical trials with post-VRT training tech-
niques should be performed to establish the clinical effi-
cacy of new vision restoration therapies in CB, several
observations can already be made about the properties of
the vision recovered. For instance, the diversity of stimuli
and tasks that can induce visual improvement challenges
the notion that only blindsight “channels” mediate
training-induced visual recovery in CB fields. This is most
evident in retraining with both complex motion and static
stimuli—classes of stimuli that fail to elicit strong blind-
sight performance on their own (Azzopardi and Cowey
2001; Barbur and others 1994; Sahraie and others 2008;
Sahraie and others 2003; Weiskrantz and others 1995). In
addition, shrinkage of the blind field was usually observed
using visual perimetry, even when perimetry represented a
radically different task than that on which the patients were
trained. This observation has significant practical implica-
tions. For one, transfer of learning—whether to untrained
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tasks or blind field locations—could significantly decrease
the time needed to rehabilitate the large and multimodal
visual field defects exhibited by hemi- and quadran-
tanopes. Second, researchers can now shift their focus
beyond just proving that vision can be recovered in
chronic CB, toward defining the properties of recovered
vision, its neural substrates and ultimately, its limitations.

How Normal Is Recovered Vision?

While extensive training with a large variety of stimuli
and tasks improves performance to levels that sometimes
match those in the intact hemifield of vision (Das and
others 2014; Huxlin and others 2009; Raninen and others
2007; Vaina and others 2014), does this mean that the
vision recovered in CB fields is completely normal?
Perimetric techniques can help measure global changes in
the size of the visual deficit from pre- to post-training, but
they reveal little about the nature and quality of recovered
visual abilities. Below, we attempt to answer this ques-
tion by describing experimental work that examined
transfer of learning to untrained stimuli and tasks in CB
fields.

Properties of Recovered Vision Following
Detection Training

Both VRT and RFT claimed to produce similar effects:
expansion of the visible field by ~5%, or reducing the
deficit by ~6° (Bergsma and others 2012; Kasten and oth-
ers 1999; Pouget and others 2012; Turco and others
2015). Kasten and others (2000) were the first to address
the nature of color and form transfer following VRT, find-
ing that both improved, though more modestly than lumi-
nance detection (the trained task). By measuring the blind
field border separately using luminance, form, and color
stimuli, Kasten and colleagues reported ~3.8° of improve-
ment of the blind field border using luminance detection
versus a ~1.7° shift using form and color perception
(Kasten and others 2000). However, placebo-trained con-
trols showed similar results in all conditions but color
mapping, making interpretation of these findings diffi-
cult. Bergsma and colleagues also reported transfer from
RFT detection training to flicker fusion, color, form and
reading ability in 3 patients following training (Bergsma
and van der Wildt 2008). In a follow-up study, 9 of 12
subjects showed an improvement in reading speed, while
3 of 7 showed an improvement in color and shape dis-
crimination, though one of these 3 subjects exhibited
poor fixation (Bergsma and others 2012). In short, perim-
etry-like detection training appears to transfer to untrained
stimuli, but the reason why it transfers for some CB
patients and not others remains unclear.
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Figure 3. Impact of visual discrimination training on
Humphrey visual fields. Composite visual field maps were
obtained from Humphrey perimetry as described in Figure |
in a chronic CB patient trained using the methods of Das and
others (2014). The top graphs show composite visual fields
obtained prior to, and then after left-right, global direction
discrimination training at locations indicated by light grey
circles (see Figure 2E). The bottom graph is a subtraction map
between the two top visual field maps. Shades of red indicated
regions that improved by >6 dB of sensitivity; shades of grey
indicate areas that decreased in sensitivity. Note that the
regions of improved sensitivity largely occur at sites of visual
training, but there are regions of improvement at locations
along the blind field border where training was not directly
administered.

Meanwhile, Sahraie and others (2006) found that
training to detect a 1 cycle/deg, flickering grating
improved the patients’ ability to detect gratings at both
trained and untrained spatial frequencies, and also at an
untrained, blind field location. This suggested that recov-
ery might not always be restricted to the locus of training
(see also figure 4A in Huxlin et al., 2009 and Fig. 3). This
is a potentially important benefit for these patients, whose
blind fields can be very large. Finally, another important
contribution of studies by Sahraie and colleagues was
that they examined the impact of training on awareness.
Subjects were asked to make a binary response indicating
whether they were aware of the stimulus to which they
had just responded. The majority reported some increase
in awareness over the period of multiple training ses-
sions, though in one out of the 12 patients, a complete
lack of awareness accompanied marked recovery in
forced choice detection performance. Subsequently,
Sahraie and others (2013) further explored the relation-
ship between detection training and awareness in a new
cohort of 5 patients; 4/5 improved on stimulus detection,
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but subjects fell into one of two “awareness” groups:
blindsight type I (lack of awareness in spite of near-nor-
mal detection) or blindsight type II (some awareness of
stimuli accompanying detection). This highlights potential
differences between recovered sight and intact vision.
While there are many instances of unconscious perception
affecting conscious perception (e.g., Dieter and others
2015; Lin and He 2009), typical perceptual experience is
marked by conscious discriminations, while blindsight is
marked by unconscious discriminations. Furthermore, there
appear to be differences in the efficacy of training in differ-
ent subjects in terms of restoring awareness. What factors
control this phenomenon and whether conscious vision can
be restored in all subjects remains to be determined.

Properties of Recovered Vision after
Discrimination Training

Of the retraining studies that used discrimination tasks in
CB subjects, both Raninen and colleagues (2007) and
Chokron and colleagues (2008) used two or more meth-
odologies at different blind field locations. Although their
approach was likely intended to elicit maximal improve-
ments, it made it very difficult to individuate the impact
of different types of training, and the transfer of learning
from one task to another. To begin addressing these ques-
tions, Das and colleagues trained 3 hemianopic patients
to discriminate the coarse orientation (vertical vs. hori-
zontal) of static, slow onset/offset, non-flickering, Gabor
patches (Das and others 2014). The subjects were post-
tested on the trained task, as well as on their abilities to
discriminate other static and dynamic stimuli to which they
had never been exposed (even during pre-training tests).
Post-tests showed that all subjects could now discriminate
coarse and fine orientation differences at both trained and
untrained orientation axes. In addition, training on static
discrimination transferred to the perception of both simple
and global motion. However, subjects failed to discrimi-
nate the global direction of stimuli containing a large range
of dot directions (Das and others 2014). In an attempt to
overcome this problem, 6 additional CB subjects were
“double-trained” on static orientation discrimination and
global direction discrimination at two separate, blind field
locations. Such double training induced complete transfer
of learning across tasks and training locations (Das and
others 2014). Apart from suggesting one possible method
for increasing training efficacy in CB, this finding also pro-
vided insight into the mechanisms by which the training-
induced improvements in CB fields may occur. In
particular, it appears that when the residual visual circuitry
is trained with different paradigms at different blind field
locations, it may be able to generalize learning across these
locations, creating significant savings in time and effort for
the patients.

The body of work detailing transfer of learning to
untrained stimuli and tasks in CB fields is excellent news
for rehabilitation. It also begins to address the issue of
whether recovered vision is completely normal.
Improvement back to levels of performance measured in
the intact hemifield of vision has been reported following
specific training on direction range thresholds (Huxlin
and others 2009), simple left-right motion discrimination
(Huxlin and others 2009; Vaina and others 2014), high-
contrast, coarse orientation discriminations (Huxlin and
others 2009), and flicker detection of both luminance
discs and letters (Raninen and others 2007). However,
other visual faculties do not appear to recover completely.
Color perception (Bergsma and van der Wildt 2008),
form perception (Bergsma and van der Wildt 2008), acu-
ity (Bergsma and van der Wildt 2008), contrast sensitivity
(Das and others 2014), fine direction (Das and others
2014) and orientation discrimination (Chokron and oth-
ers 2008; Das and others 2014), shape and letter discrimi-
nations (Chokron and others 2008), and overall awareness
(Sahraie and others 2010; Sahraic and others 2013;
Sahraie and others 2006) all exhibit residual, post-train-
ing deficits. In many cases, we cannot exclude the possi-
bility that “incomplete” recovery occurred because those
particular functions were not specifically retrained (i.c.,
they were measured in pre/post-training tests only). An
alternative hypothesis is that some visual functions can
never be fully recovered after V1 damage sustained in
adulthood. Cavanaugh and others (2015) considered pos-
sible causes for residual deficits in fine direction discrim-
ination at retrained, blind field locations within the
computational framework of noise processing and per-
ceptual templates (Dosher and Lu 1999; Dosher and Lu
1998; Legge and others 1987; Ling and others 2009; Pelli
1981). Their results suggest that increased internal,
equivalent noise (rather than less efficient filtering of
external noise in the stimulus) was responsible for the
residual deficits in retrained portions of the blind field
(Cavanaugh and others 2015). It is not yet clear to what
extent additional, targeted training can overcome such
deficits and internal noise, or whether there is a limit to
the type and quality of vision that can be restored.

The emerging picture is that training can recover con-
scious vision in CB fields, but that what is recovered is
not completely normal. Assessment of the comparative
merits of different retraining paradigms is complicated by
the fact that different groups have used different visual
training and testing methods as well as different outcome
measures. An exception is Humphrey automated perime-
try with eye tracking, which has been used as an outcome
measure by several groups (Chokron and others 2008; Das
and others 2014; Huxlin and others 2009; Sahraie and oth-
ers 2010; Sahraie and others 2013; Sahraie and others
2006; Trevathan and others 2012; Vaina and others 2014).
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However, beyond providing a measure of luminance
detection sensitivity used to assess the size of visual field
defects, it gives little information as to the quality of
recovered vision. Thus, a systematic comparison of the
relative efficacy of different training paradigms at restor-
ing functional vision is needed, and that will require com-
mon ground in study design and outcome measures.

Limitations of Visual Training
Approaches and Considerations for
Future Research

While it is encouraging that visual retraining can partially
recover vision lost after V1 damage, we do not yet under-
stand the mechanisms of recovery and factors that may
limit or speed up this process. Working with a diverse
patient population presents a myriad of challenges.
Unsurprisingly, this leads to methodological and practical
compromises, as well as incidental findings that can pro-
vide useful insights into mechanisms and neural substrates
of training-induced recovery in damaged visual systems.
Furthermore, many of the questions addressed in the study
of CB have bearing on other fundamental questions, such
as the neural basis of awareness. Here, we consider both
some interesting observations and possible limitations of
retraining approaches described thus far in CB with an eye
toward guiding future research in the field.

Can CB Fields Ever Completely Disappear?

CB fields are generally large. Even when unilateral, they
often occupy a quarter to a half of the entire left or right
hemifield of vision in both eyes. Most research to date,
with some exceptions (Bergsma and van der Wildt 2010;
Raninen and others 2007; Sahraie and others 2013), has
involved retraining blind field regions close to the intact
field (Cavanaugh and others 2015; Chokron and others
2008; Das and others 2014; Huxlin and others 2009;
Sahraie and others 2010; Sahraie and others 2006). Such
regions arguably present a high potential for recovery
since retinotopic areas close to the blind field border are
most likely to contain spared, albeit abnormal, neural tis-
sue (i.e. representing areas of visual field that are effec-
tively blind prior to training). However, it is of scientific
and clinical importance to determine how deep into the
blind field recovery can occur. For instance, if it was pos-
sible to induce recovery 20° to 30° deep in the blind field,
where no spared V1 tissue exists, it would argue against a
critical role of spared V1 tissue along the lesion border in
this phenomenon. Instead, it would suggest possible medi-
ation by extrastriate visual areas, which may be intact and
able to process visual information from across the entire
contralateral visual field, as long as their inputs from sub-
cortical centers (namely, dLGN, superior colliculus, and/

or pulvinar) remain intact (Leopold 2012; Schmid and
others 2010; Sincich and others 2004).

Transneuronal Retrograde Degeneration

Retinal ganglion cells and dLGN neurons deprived of
their targets appear to exhibit transneuronal retrograde
degeneration (for review, see Van Buren 1963). In mon-
keys with V1 lesions, cell death occurs first in the dLGN,
then in the retina, peaking 1 to 3 years post-lesion (Cowey
and others 2011; Cowey and others 1989; Cowey and
others 1999), and appearing to vary proportionally with
the size of the lesion (Cowey and others 1999). Retinal
abnormalities suggestive of retrograde degeneration have
also been reported in humans following occipital lobe
lesions (Cowey and others 2011; Jindahra and others
2009; Jindahra and others 2012; Porrello and Falsini
1999). Such patients can exhibit decreased optic tract size
as measured by high-resolution MRI (Bridge and others
2011; Millington and others 2014) and decreased thick-
ness of the retinal optic nerve fiber layer, as measured by
optical coherence tomography (Jindahra and others 2009;
Jindahra and others 2012). In monkeys, retrograde degen-
eration after V1 damage appears to be largely specific to
PB retinal ganglion cells, which project to parvocellular
layers of the dLGN (Cowey and others 1989).
Degeneration of this class of ganglion cells and dLGN
neurons is consistent with the notion that koniocellular
dLGN neurons may mediate blindsight (Cowey and
Stoerig 1989; Sincich and others 2004).

Retrograde degeneration of visual structures is an
important challenge in CB, because death of retinal gan-
glion cells and dLGN neurons will effectively preclude
true and complete recovery of normal vision in visual
field locations represented by lost cells. To date, most
retraining interventions have been applied long after the
acute phase of brain damage (generally greater than 6
months post-insult). This was done in order to distinguish
training effects from spontaneous recovery, which can
occur during the first few months post-lesion (Zhang and
others 2006b). However, as the effectiveness of retraining
interventions becomes better defined for chronic patients,
it may be advantageous to begin studies that involve
training of acute patients. We speculate here that early
training, by stimulating weakened visual circuits suffi-
ciently, could slow or halt some of the neuronal degenera-
tion that would normally occur.

Cohort Size

Much of the interesting research on CB involves case studies
of only 1 to 3 patients (for review of those involving rehabili-
tation, see Pouget and others 2012). This makes it difficult to
generalize findings and draw conclusions, especially when
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considering the diverse nature of the damage suffered by
CB patients. A classic example of this are studies of the
well-known patient GY, who not only represents a single
case, but also one whose insult to the visual system
occurred when he was 7 years old—considerably earlier
in life than the majority of CB patients. Patients such as
GY are incredibly valuable, as they offer an opportunity
to study in detail the effects of a single lesion without the
variability of multiple patients. However, such patients
should be considered carefully, as GY exhibits changes
typically not seen in older patients, particularly regarding
reorganization of subcortical (and likely cortical) connec-
tions (Bridge and others 2008).

Lesion Type

Another common problem in the field of CB research is
that studies often group together patients whose visual
field defects result not just from stroke but also from trau-
matic brain injury, tumor or tumor resection, epilepsy, or
congenital defects. For example, Reitsma and others
(2013) reported that 3 out of the 27 patients they exam-
ined possessed an interesting representation of the ipsilat-
eral visual field in cortex that would normally represent
the contralateral visual field. However, these 3 patients
had very different damage to their visual system (collat-
eral damage from epilepsy surgery, congenital cerebral
malformation, removed tumor), sustained at different
ages, which complicates the interpretation of results.
Similarly, Elliot and others (2015) used a narrow-band,
high-frequency flicker stimulation paradigm to try and
restore vision in a cohort of 3 heterogenecous subjects
(stroke, TBI, and a surgical optic nerve lesion). While
people with different lesions can present with similar
vision loss, differences in the type of damage sustained
can significantly affect their potential for plasticity and
compensation (Teo and others 2012). Given that data from
individual cases are highly valuable, one possible solution
may be to compile detailed information about lesion types,
response to training and other information into a shareable
database available to the neuroscience and neuromedicine
communities (for examples, see Press and others 2001;
Van Essen 2002). Having the ability to examine compa-
rable subjects across multiple testing sites, especially if
consistent outcome measures from retraining are also pro-
vided, would greatly benefit our endeavors to understand
both the functional visual deficits that result from different
lesions, and the potential for recovery.

Importance of Eye Movement Control

Proper control of eye movements is critical both for
retraining vision and assessing success of such interven-
tions. Small and often subconscious eye movements

toward stimuli shown in CB fields can bring them at least
partially into the intact field of view. Especially in the
case of simple detection paradigms, this can erroneously
appear to indicate visual recovery. As detailed above, the
lack of adequate eye movement control is a significant
confound in VRT-based studies (for review, see Pouget
and others 2012; see also discussion by Turco and others
2015). Whereas many of the more recent experimental
studies have adopted stringent monitoring of eye posi-
tion, some groups continue to utilize more indirect
approaches, such as central fixation tasks (Jobke and oth-
ers 2009), false positive detection or eye-monitoring by
an experimenter (Chokron and others 2008; Gall and oth-
ers 2011; Paramei and Sabel 2008; Poggel and others
2009; Raninen and others 2007) as proxies for eye tracker
enforced fixation control. The fact that VRT’s high-reso-
lution perimetry is still carried out without online eye
tracking complicates interpretation of new results emerg-
ing from the VRT paradigm. Ideally, eye-tracker fixation
control should be utilized during training as well as dur-
ing pre- and post-training vision assessments. However,
training is lengthy and often done in patients’ homes,
where eye tracking is not currently feasible. One practical
solution is to utilize proper fixation control via a cali-
brated eye tracker during both pre- and post-training tests
in the laboratory or clinic (e.g., Bergsma and others 2012;
Bergsma and van der Wildt 2010; Cavanaugh and others
2015; Das and others 2014; Huxlin and others 2009;
Sahraie and others 2010; Sahraie and others 2006).

Ways to Enhance and Speed Up Vision
Relearning

A key disadvantage of current training interventions for
CB is that they require lengthy, difficult and repetitious
(i.e., boring) visual training. Researchers are beginning to
explore ways of overcoming these limitations. As alluded
to earlier, training using different stimuli and tasks at
multiple blind field locations in the same patient is one
such approach (Das and others 2014). Other promising
directions involve use of brain stimulation and pharma-
cology during perceptual training.

Brain stimulation has been used together with VRT
(Plow and others 2012; Plow and others 2011).
Specifically, this involved anodal transcranial direct cur-
rent stimulation (tDCS) over occipital cortex. tDCS is a
noninvasive, electric brain stimulation method capable of
increasing excitatory or inhibitory neural responses
depending on the direction of current applied (Nitsche
and others 2003). Though interpretation of these results
should take into account the limitations of VRT as a train-
ing tool, patients treated with anodal tDCS appeared to
show larger improvements than those treated in the sham
condition. This early work with tDCS in CB suggests that
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electrical brain stimulation could be a promising tool for
enhancing training-induced visual restitution in chronic
CB, and perhaps spontaneous recovery in acute CB. At
the very least, it would be beneficial for future work to
evaluate and contrast the efficacy of different forms of
non-invasive brain stimulation, include anodal and cath-
odal tDCS over different brain regions, transcranial ran-
dom noise stimulation and related magnetic stimulation
paradigms (Parkin and others 2015).

At this time, the role of pharmacology in enhancing
vision relearning in CB has also not been systematically
explored. The important limiting factor for the develop-
ment of pharmacological interventions is uncertainty as to
what neural changes are necessary for vision recovery in
CB. However, even without clarity about underlying
mechanisms, accumulating evidence suggests that selec-
tive serotonin reuptake inhibitors (SSRIs) can significantly
improve motor function in motor stroke survivors (Chollet
and others 2011). SSRIs, including fluoxetine, are com-
monly prescribed as anti-depressants; as such, their influ-
ence on neuronal excitability (among other factors) could
indeed enhance neural plasticity post-stroke. Alternatively,
patients taking SSRIs may be more motivated to do reha-
bilitation therapy. In the Fluoxetine for Motor Recovery
after Acute Ischemic Stroke (FLAME) trial, significant
effort was made to disambiguate the antidepressant and
motor effects of fluoxetine (Chollet and others 2011). Yet,
the benefits of Fluoxetine in terms of motor recovery were
still significant when the authors adjusted for this potential
confound (Chollet and others 2011). Another SSRI, escita-
lopram, has also shown promise for improving post-stroke
cognitive outcomes (Jorge and others 2010). Whether
these medications can benefit patients with visual cortex
strokes remains to be determined, but the question cer-
tainly opens up a potentially exciting avenue for future
research. Encouragingly, fluoxetine appears to restore crit-
ical periods’ levels of neural plasticity in the visual system
of adult rodents (Maya Ventecourt and others 2008). If
adult visual circuits respond positively to SSRIs, these
medications could significantly enhance the beneficial
impact of retraining in CB fields - whether in terms of
speed, amount, or quality of vision recovered.

Conclusion

This is a promising time for research into CB. Early
behavioral investigations focused on blindsight, which,
while intriguing, offered limited functional benefits to
patients with lesions of primary visual cortex and its
afferent pathways. For several decades now, there has
been an increase in work aimed at developing interven-
tions to recover lost vision in CB. The first studies in this
area of research offered encouraging results but suffered
from methodological limitations, especially inadequate

control for eye movements. The last 10 years have seen
an increase in well-controlled studies, which appear to
show that vision lost in CB can indeed be partially recov-
ered with appropriate training.

In our opinion, there are three key areas in which fur-
ther progress would be particularly beneficial. First, we
need a better understanding of neural mechanisms that
underlie visual retraining. For example, comprehensive
functional imaging and tractography in a large number of
patients with standardized lesions and visual defects, both
before and after retraining, could provide invaluable data
as to the changes that underlie recovery. In turn, this should
lead to better prediction of retraining outcomes. Second, it
will be important to establish the limits of recovery attain-
able with current retraining methods in order to then
determine whether these limits can be overcome via com-
plementary or alternative means. Third, systematic investi-
gations are needed using novel behavioral techniques,
pharmacological interventions and/or brain stimulation, to
determine if we can enhance and/or accelerate recovery in
CB patients. Finally, the long-term goal of research efforts
should be to develop effective, evidence-based interven-
tions for CB. Only then can we begin translating these
treatments into standard clinical practice, similar to the
now well-established and validated interventions that are
prescribed for motor cortex strokes.
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