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Abstract

Approximately one-third of stroke patients suffer visual field impairment as a result of their strokes. However, studies using
the visual pathway as a paradigm for studying poststroke recovery are limited. In this article, we propose that the visual
pathway has many features that make it an excellent model system for studying poststroke neuroplasticity and assessing the
efficacy of therapeutic interventions. First, the functional anatomy of the visual pathway is well characterized, which makes
it well suited for functional neuroimaging studies of poststroke recovery. Second, there are multiple highly standardized
and clinically available diagnostic tools and outcome measures that can be used to assess visual function in stroke patients.
Finally, as a sensory modality, the assessment of vision is arguably less likely to be affected by confounding factors such as
functional compensation and patient motivation. Given these advantages, and the general similarities between poststroke
visual field recovery and recovery in other functional domains, future neurorehabilitation studies should consider using the

visual pathway to better understand the physiology of neurorecovery and test potential therapeutics.
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Despite major advances in acute stroke care over the past 2
decades and a steady decline in stroke-related mortality in
more recent years, stroke remains the leading cause of adult
long-term disability in the United States. Nearly 800000
Americans will have a stroke this year alone.' Of this num-
ber, approximately 40% will be left with permanent disabil-
ity.? As the incidence of stroke increases in the young,® the
societal impact of stroke-related disability will only con-
tinue to rise. In response to these trends and the growing
need for evidence-based interventions in neurorehabilita-
tion, the American Heart Association and the National
Institute of Neurological Disease and Stroke have identified
neurorehabilitation as a high-priority area of research.**
Several recently published articles have highlighted the
main challenges facing the field of poststroke recovery and
rehabilitation.”"! A major issue is the inherent heterogeneity
of the stroke population and the difficulty of achieving con-
sistency in therapeutic interventions and reducing the vari-
ability of environmental inputs during the recovery period.
Stroke survivors comprise a diverse group with a wide range
of genetic backgrounds and social, medical, and psychiatric
histories. Additionally, stroke lesions vary greatly from
patient to patient in terms of size, location, and topology.
Furthermore, individual exposure to poststroke rehabilitation

is hard to standardize because of differences in the availabil-
ity of health care resources, variability among different
regional and institutional cultures, and the range of patient
effort and participation. Last but not least, a significant hur-
dle is posed by the paucity of good outcome measures that
can detect and quantify meaningful differences in functional
outcomes. Developing an ideal outcome measure is not a
trivial proposition: It must be easy to administer, demonstrate
strong interrater and intrasubject reliability, and have the
ability to distinguish between compensation and true recov-
ery as mediated, for instance, by neuroplasticity. Given these
challenges, it is perhaps not surprising that the field of neuro-
rehabilitation has struggled with several disappointingly
negative studies, and that experts are calling for a critical
reevaluation of clinical trial design that would address the
unique needs of this area of inquiry.*’
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Figure |. Retinotopic mapping. (A) Example of a wedge stimulus
used to map polar angle visual preferences. Subjects fixate on the
central dot while the flickering checkerboard wedge is presented
in each of 12 nonoverlapping polar angles multiple times. (B)
Example of a ring stimulus used to map eccentricity visual
preferences. Subjects fixate on the central dot while the flickering
checkerboard ring is presented in each of 6 nonoverlapping
eccentricities multiple times. (C) Example of a retinotopic map
from a stroke patient with a visual field cut. The map is pseudo-
colored based on each voxel’s preferred wedge location.

While certain aspects of patient heterogeneity will
always be present, we propose in this article that studying
poststroke visual field recovery in patients suffering from
homonymous hemianopia (loss of vision on one side of the
visual field as a result of damage to the postgeniculate
visual pathway, typically in the contralateral posterior
hemisphere) can help us overcome many other challenges
posed by stroke recovery research. The visual pathway has
been relatively underutilized in neurorehabilitation studies,
yet it has great potential to contribute to our understanding
of the nature of spontaneous poststroke neurological recov-
ery and our ability to test neuroplasticity-enhancing thera-
peutic interventions. First, the functional anatomy of the
early visual pathway is well characterized and has a highly
retinotopic organization, making it very amenable to inves-
tigation by functional neuroimaging techniques during
poststroke recovery. Second, visual function can be mea-
sured readily and reliably using a range of widely available
standardized ophthalmological methods. Third, relatively
speaking, it is somewhat easier to distinguish compensa-
tion from true neurological recovery in the visual pathway.
Fourth, visual input to a recovering brain is less likely to be
affected by patient motivation or variability in environ-
mental stimuli. Finally, there are important similarities
between the visual pathway and other neurologic systems,
such as the motor and language systems, in terms of the
predictors and natural history of poststroke recovery,

suggesting that some findings from the visual pathway
may generalize to other functional domains. Of note, while
poststroke visual impairments span a range of abnormali-
ties, including impaired eye movement, attention, and
higher visual processing, this article will focus on visual
field loss.

The Functional Anatomy of the Visual
System Offers Several Advantages
for Studying Structure-Function
Relationships During Poststroke
Recovery

While the computational details of how visual inputs are
processed to generate perception are still under study, the
basic functional anatomy of the visual pathway is well char-
acterized. Starting more than a hundred years ago, with
studies linking cortical lesions to visual deficits,'> a large
body of work has helped to elucidate structure-function
relationships at each level of the visual pathway." The early
visual cortex (V1) in particular is known to have a highly
regular retinotopic organization."> Moreover, there is evi-
dence that retinotopic biases are carried forward into higher
order visual areas."* This high degree of resolution at a
functional anatomical level is of great potential value for
functional brain imaging studies seeking to shed light on the
course of recovery following specific interventions.

Indeed, functional magnetic resonance imaging (fMRI)
is sufficiently sensitive to study normal visual function and
retinotopy in healthy subjects'” and to measure changes that
occur in the retinotopic map as a result of injury and during
recovery.'™'® Retinotopic mapping with fMRI is typically
accomplished by presenting flickering or moving checker-
board wedges, rings, or vertical and horizontal bars, while
the subject maintains fixation on a central target in the scanner
(Figure 1). The data are analyzed to determine the visual
field location that showed the strongest and most consistent
modulation of the blood oxygen level-dependent signal for
each voxel independently. A priori knowledge about the
retinotopic organization of visual cortex then allows
researchers to delineate the borders between different visual
areas from V1 to V4 based on the progression of the polar
angle and eccentricity preferences across visual cortical
areas."® Further advances in fMRI retinotopic mapping now
estimate the population receptive field size of each voxel in
addition to its preferred stimulus location." Several groups
have capitalized on this robust technique to study changes
in retinotopy after ischemic damage to the visual cortex or
its afferent inputs in stroke patients.'®"®

Functional neuroimaging has also proved to be a powerful
tool for studying poststroke motor and language recovery. In
fact, previous studies have detected similar types of plastic
changes in the visual, motor, and language systems: (1)
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increased perilesional activation,”'**° (2) perilesional cortical

reorganization,'®*' > (3) strengthening of existing corticocor-
tical connections,”*® and (4) recruitment of distant brain
regions.'®*3% Given these similarities, a greater understand-
ing of poststroke plastic changes in the visual pathway may
shed light on recovery in the motor and language domains.
Furthermore, studying poststroke recovery in the visual path-
way offers a number of additional advantages, including toler-
ance for a wide range of lesion sizes, elimination of task
confounds, and standardization of testing conditions.

Tolerance for Lesion Size Heterogeneity

Performing tasks while minimizing head movement inside
the scanner can be difficult for some patients, limiting the
type of stroke patients suitable for functional neuroimaging
research. While strokes in the distribution of the middle
cerebral artery (MCA) are far more common than strokes in
other vascular territories, most functional neuroimaging
studies of poststroke motor and language recovery exclude
patients with large strokes in the MCA territory because the
extensive cortical and subcortical damage often associated
with such lesions may result in severe aphasia or profound
neglect, affecting the ability of many of these patients to
understand and complete the required tasks.** On the other
hand, with the notable exception of those with significant
thalamic or hippocampal involvement, patients with exten-
sive ischemic injury in the distribution of the posterior cere-
bral artery (PCA) typically retain the ability to understand
and follow directions. Given that up to 75% of patients with
primary visual cortex damage retain foveal vision in the
central 1° to 10°,*° even patients with large PCA territory
strokes, resulting in a dense homonymous hemianopia, are
typically able to maintain central fixation during peripheral
vision tasks. As a result, while functional neuroimaging
studies of patients with strokes in the distribution of the
MCA may be limited by lesion size, this variable poses less
of a limitation in the PCA territory.

Elimination of Task Confounds

The use of functional neuroimaging to investigate mecha-
nisms of poststroke recovery can be confounded by neural
activation events that are not causally related to recovery.
For example, in a patient with hemiparesis, if the paretic
arm is stronger at the time of a follow-up scan, it is not
always possible to establish with certainty whether any
observed increase in neural activity is the cause or conse-
quence of improved limb strength. Similarly, if language
production is more fluent at follow-up, it is difficult to attri-
bute changes in brain activity to recovery alone. Other con-
founds, including handedness, learning effects, and effort,*
also affect our ability to directly relate functional recovery
to changes in cortical activation. Studying poststroke

recovery in a sensory system, using perceptual rather than
motor or language tasks, largely avoids these confounds by
removing the variability in brain activity inherent in a
patient’s ability to produce a behavior. This means that any
changes in visual cortical activation, organization, or con-
nectivity can be directly compared with changes in visual
ability, allowing the researcher to determine what cortical
activation patterns are associated with good versus poor
recovery. Given that vision is the major sensory input to the
brain, and that more than 30% of all strokes are associated
with a visual field defect,””™ the visual system is well posi-
tioned to offer insights that may generalize to mechanisms
of poststroke recovery in other domains.

Standardization of Testing Conditions

Finally, using the visual pathway to study poststroke recov-
ery allows remarkable standardization of testing conditions
during functional neuroimaging experiments. Since neu-
rons in the visual cortex are primarily driven by visual input
from the environment,*’ and since vision tasks are inher-
ently perceptual rather than motor in nature, the input to the
brain can be tightly controlled by the investigator in these
studies. Furthermore, the output, in the form of stimulus-
dependent cortical activity as measured by fMRI, for
instance, is less affected by behavioral variables, including
patient comprehension, reaction time, and motivation,
which can sometimes confound motor and language pro-
duction tasks. Indeed, low-complexity, high-contrast visual
stimuli for retinotopic mapping have long been adopted by
the field*' and provide a reliable method for measuring the
neural correlates of poststroke visual field recovery. Eye
tracking in the scanner enables researchers to control for
compensatory eye movements, further enhancing the valid-
ity of the data. Last but not least, because vision is not a
lateralized or dominant function of one cerebral hemi-
sphere, the unaffected region of the visual field in a hemi-
anopic patient can serve as a valuable within-subject control
in functional neuroimaging studies.

Multiple Standardized and Automated
Tools Exist for the Evaluation of Visual
Function

Critical to any observational or interventional study of post-
stroke recovery are reliable, validated, and commonly
available methods to measure neurologic outcomes, func-
tional status, and quality of life. The assessment of the
visual pathway has the advantage of being amenable to
highly standardized and automated evaluation methods that
are already routinely used in patient care and research.
There are many ways to evaluate the visual pathway, rang-
ing from objective and quantitative assessments to more
subjective patient-centered outcome measures.
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Figure 2. Humphrey visual field analyzer. (A) The patient is
positioned against the chin and forehead rest, instructed to
maintain fixation on a visual target, presented with a series of
bright white lights with varying intensity in different locations of
the visual field, and asked to press a handheld button each time
a stimulus is seen. This information is used to create visual field
maps for each eye, where darker tones represent loss of vision
at that location in the visual field. (B) Example of a Humphrey
visual field map from a patient with right homonymous
hemianopia. The focal area of darkness within the left visual
field of the left eye corresponds to the anatomical blind spot, or
optic disk.

One of the most commonly used measures of the visual
pathway in the eye clinic is perimetry, which systematically
maps a patient’s visual field by presenting stimuli in differ-
ent locations and measuring the patient’s ability to detect
them. Depending on the type of perimeter, the stimuli may
be white or colored, static or moving, and may vary in size
or light intensity. The concept of perimetry for visual field
testing has existed for more than 150 years, and now auto-
mated perimetry systems, with improved methods of test

administration, standardization, and statistical analysis, are
the norm.** Widely available examples of automated perim-
eters include the Humphrey visual field analyzer (Carl Zeiss
Meditec, Inc, Dublin, CA) (Figure 2) and the Octopus 900
perimeter (Haag Streit International, Koeniz, Switzerland).
During visual field assessment, the patient is instructed to
focus on a fixation point while a computer presents white
stimuli of incremental brightness against a white back-
ground. The patient is asked to click a button whenever a
stimulus is seen. The results are then compared with norma-
tive data from healthy age-matched controls to create a
quantitative representation of the patient’s visual field. An
important advantage of this test is that it is widely available,
takes little time to administer, and has been extensively
used in vision research, including natural history studies of
poststroke visual field recovery.*** Disadvantages include
its reliance on patient understanding and concentration, and
the need to maintain proper visual fixation. These issues can
often be addressed by repeat testing in the same locations
and by excluding patients with frequent visual fixation loss.
Recent technological solutions addressing these issues will
be discussed at greater length in the next section.

Optical coherence tomography (OCT) is another widely
available diagnostic test that can provide objective informa-
tion about the visual system (Figure 3). This technique uses
near-infrared light in an interferometer to measure retinal
nerve fiber layer thickness. Previous studies using OCT
have shown a progressive thinning of the retinal nerve fiber
layer following strokes affecting the occipital lobes and
optic radiations,”* likely due to trans-synaptic retrograde
degeneration of retinal ganglion cells.*® In clinical trials of
poststroke visual field recovery, retinal nerve fiber layer
thickness could therefore potentially serve as a biomarker of
a patient’s physiologic response to the intervention under
investigation.

Finally, in recent years, there has been an appropriate
growth of interest in outcome measures that assess a patient’s
health-related quality of life. The 25-item National Eye
Institute Visual Function Questionnaire is a survey specifi-
cally designed to provide a vision-targeted assessment of
health-related quality of life by measuring the influence of
visual disability on daily visual and social functioning and
emotional well-being.”’ This questionnaire has previously
been used to determine how stroke-related vision loss impacts
quality of life.>* It has also been used to track clinically sig-
nificant visual improvement after visual retraining therapy.**

Compensatory Strategies Can Be
Monitored and Distinguished From

True Recovery in the Visual System

Patients with visual field defects often develop, or are

trained™ to develop, compensatory strategies that rely on
conscious or unconscious eye movements. Indeed, these
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Figure 3. Optical coherence tomography. (A) Tomogram through the fovea shows the ganglion cell complex layer, which is
comprised of the retinal ganglion cell layer and the inner plexiform layer. (B) Thickness of the ganglion cell complex layer. (C) Circular
tomogram around the optic disc shows the retinal nerve fiber layer. (D) Thickness of the retinal nerve fiber layer.

learned compensatory eye movements hampered early
attempts at developing interventions to promote visual field
recovery.”® The issue of compensation is nontrivial. When
designing neurorehabilitation trials, it is critical to differen-
tiate compensation from neurological recovery to be able to
determine if the intervention has an effect on neuroplasti-
city. Compensation refers to approximating a lost function
by developing a novel strategy for attaining the same behav-
ioral goal. For example, a stroke patient may perform a
motor task effectively, without recovery of function in the
muscles affected by the stroke, if other muscle groups can
be engaged to produce movements that result in a suffi-
ciently similar action.’” This distinction is not purely aca-
demic. While regaining function via compensatory
movements is undoubtedly beneficial to the patient, ideal
rehabilitation interventions would target functional recov-
ery mediated by neuroplasticity (not compensatory strate-
gies) early in the recovery process, when a critical window
for neural reorganization may still be open.”®*® Furthermore,
compensatory strategies can sometimes lead to maladaptive
muscle activation patterns that may contribute to poststroke
arthralgias and limit functional recovery.”” To properly
assess recovery and differentiate restoration of native func-
tion from compensatory behaviors, measures are needed
that can detect not only if but also how a given task is
accomplished.”” In the field of motor recovery, future

studies will likely use methods such as electromyography
and kinematics to capture and quantify recovery.®' However,
these techniques are not yet readily available in most clini-
cal settings and can be labor-intensive in terms of data col-
lection and analysis.

On the other hand, standard visual perimetry methods,
which are widely available in the clinical setting, can pro-
vide longitudinal measurements of visual field deficits
enabling assessment of whether there has been interval
improvement. The reliability indices enable monitoring of
whether the patient breaks fixation, which could happen if
the patient is using a compensatory strategy such as moving
their head or initiating a compensatory saccade into the blind
hemifield. In standard Humphrey perimetry, the head posi-
tion is fixed, and eye fixation loss is monitored by recording
pupil movements with a gaze tracker and observing the
patient’s response to visual stimuli presented in the region of
the physiologic blind spot. In newer systems, eye-tracking
data are used in real time to pause testing automatically
when the patient loses central fixation, as in the Octopus 900
perimeter, or to present stimuli in a gaze-contingent manner,
as in the MAIA Microperimeter (CenterVue, Padua, Italy).
Therefore, visual field recovery studies, in comparison with
motor recovery studies, can use readily available clinical
tools to monitor visual field changes with relatively limited
confounding by compensatory head or eye movements.
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The Frequency, Intensity, and
Complexity of Visual Inputs
Experienced by Different Patients
Are Less Likely to Be Affected by
Patient Motivation or Environmental
Variability

A major challenge in rehabilitation research is the vari-
ability in patient environments and exposure to rehabilita-
tion treatments.”®' Not only do health insurance policies
and health care centers differ in the rehabilitation
resources they offer to patients, but individual patients
may also move through several health care environments
with differing therapeutic priorities during the course of
their recovery, making it difficult to study treatment
effects across patients, institutions, and geographic
regions. Additionally, studies on motor recovery suggest
that patient effort and the number of exercise repetitions
vary considerably during a given rehabilitation session
and may further contribute to variations in outcome.® In
contrast, barring any premorbid optic neuropathy, reti-
nopathy, or visual field defects, stroke patients are likely
exposed to a less variable amount of background visual
stimuli, not only because indoor environments can have
high amounts of clutter, organization, local contrast, tex-
ture, and variety of colors much like complex outdoor
scenery® but also because they receive continuous visual
stimuli throughout the day.

While new experience-dependent strategies show
promise in enhancing visual field recovery,**®* the cur-
rent standard of care for stroke patients with visual field
defects is focused on teaching compensatory or substitu-
tive strategies.’® However, this does not alter the fact that
the visual system is constantly being exposed to poten-
tially neuroplasticity-enhancing visual stimuli. Patient
resources and access to medical care are unlikely to affect
the amount of visual stimulation received substantially.
Furthermore, poststroke visual field recovery is probably
less susceptible to the effects of patient motivation and
engagement than other domains, such as motor and lan-
guage function.

In light of these considerations, observational studies of
poststroke visual field recovery, as well as interventional
studies testing the effectiveness of pharmacologic interven-
tions for stroke-related vision loss, are probably less likely to
suffer from high therapeutic and environmental variability.
In the near future, we may be able to investigate the effect of
differences in background visual experience on poststroke
visual field recovery by using new lightweight video tech-
nologies and automated tools to quantify contrast levels and
scene complexity encountered in each patient’s visual expe-
rience in order to compare exposure to visual stimuli among
different patients in different environments.*

Poststroke Visual Field Recovery

Is Similar in Important Ways to
Poststroke Neurological Recovery in
Other Functional Domains

Meta-analyses seeking to draw general conclusions from
studies of poststroke motor, language, and visual field
recovery have been frustrated by polymethodology and
inconsistent results.”” Be that as it may, a number of under-
lying similarities have emerged across different functional
domains, suggesting that stroke patients may recover from
seemingly disparate neurologic deficits in similar ways, and
findings in one domain have the potential to generate test-
able hypotheses concerning recovery in other functional
domains.

First, greater initial symptom severity and larger lesion
size are both strongly associated with poor recovery across
multiple functional modalities,”® including vision.”*
Furthermore, treatment with systemic thrombolytic therapy
improves the likelihood of poststroke visual field recovery®’
in the same way that it improves the chances of a good func-
tional recovery from other stroke-related neurologic deficits.

Second, poststroke functional recovery follows a similar
time course and occurs in comparable proportions of
affected patients across a range of stroke-related neurologic
deficits.®® Stroke patients with visual field defects experi-
ence the most improvement in the first few months after
their stroke,””*** as do those with stroke-related impair-
ments in motor or language function.*”® Reports of post-
stroke visual field recovery vary with respect to the time
course and degree of improvement. Some amount of spon-
taneous recovery may occur in as many as 72% of stroke
survivors with visual field defects, particularly those with
partial versus complete hemianopia,”" but full recovery is
less common, especially in patients with complete homony-
mous hemianopia in the acute stage.”®”

Third, multiple different mechanisms of neuroplasticity
are known to play a role during poststroke recovery across
several functional domains (see first section). All these sig-
natures of neuroplasticity have been observed in the recov-
ering visual pathway after a stroke.

Fourth, the available evidence indicates that similar ther-
apeutic principles can be applied to improve recovery across
different functional domains. For example, motor and visual
field recovery both appear to be enhanced by repetitive,
task-specific exercises in a dose-dependent way.***>7-

Finally, several pharmacological agents have shown
promise as potential mediators of enhanced recovery in
recent years. Amphetamine and other stimulants may be
beneficial in this regard,” and selective serotonin reuptake
inhibitors such as fluoxetine, administered in the first few
months after a stroke, may improve motor outcomes.”
Whether or not poststroke visual field recovery can also be
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enhanced by fluoxetine is an area of active investigation by
our group (NCT02737930).

Conclusion

Stroke is a heterogeneous disease and poststroke recovery is
a highly complicated process that cannot easily be encapsu-
lated by a single sensory modality like vision. Nonetheless,
the visual pathway has a number of characteristics that make
it suitable for generating and testing hypotheses about thera-
peutic interventions that may promote poststroke functional
recovery in other domains. While studies of poststroke
visual field recovery will never supplant similar work in the
motor and language domains, it is tempting to speculate that
a better understanding of visual field recovery may have
broader implications for the larger field of neurorehabilita-
tion. The underlying similarity of the visual system to other
functional modalities in terms of the predictors and natural
history of poststroke recovery further suggests that findings
in the visual domain may be more generally applicable. We
already have at our disposal a battery of widely available
diagnostic tools and validated outcome measures that can be
used to study visual function at the anatomical, physiologi-
cal, psychophysical, and psychosocial levels. Many of these
tools are standard of care in the clinical realm. Yet as widely
available as they are, the concept of using the visual pathway
as a model system to study poststroke recovery is currently
underutilized in the research context. The visual pathway
can be used to test new neuroplasticity-enhancing drugs, for
instance, or answer longitudinal questions about the mecha-
nisms of poststroke recovery in the context of a clinical trial
using fMRI. However, to date there have been no large mul-
ticenter studies using vision to study recovery in clinical trial
networks like NeuroNext and StrokeNet. We hope that this
article will encourage others to consider using observational
and interventional studies of poststroke visual field recovery
to help us address some of the vital challenges facing the
field of neurorchabilitation today.
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