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Abstract

There is increasing evidence that HIV is an independent risk factor for stroke, resulting in an emerging population of
people living with both HIV and stroke all over the world. However, neurorehabilitation strategies for the HIV-stroke
population are distinctly lacking, which poses an enormous global health challenge. In order to address this gap, a
better understanding of the HIV-stroke population is needed, as well as potential approaches to design effective
neurorehabilitation strategies for this population. This review goes into the mechanisms, manifestations, and
treatment options of neurologic injury in stroke and HIV, the additional challenges posed by the HIV-stroke
population, and rehabilitation engineering approaches for both high and low resource areas. The aim of this review is
to connect the underlying neurologic properties in both HIV and stroke to rehabilitation engineering. It reviews what
is currently known about the association between HIV and stroke and gaps in current treatment strategies for the
HIV-stroke population. We highlight relevant current areas of research that can help advance neurorehabilitation
strategies specifically for the HIV-stroke population. We then explore how robot-assisted rehabilitation combined with
community-based rehabilitation could be used as a potential approach to meet the challenges posed by the
HIV-stroke population. We include some of our own work exploring a community-based robotic rehabilitation
exercise system. The most relevant strategies will be ones that not only take into account the individual status of the
patient but also the cultural and economic considerations of their respective environment.
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Background

Stroke is a leading cause of death and disability in high
income countries while both stroke and human immun-
odeficiency virus (HIV) are leading causes of death and
disability in lower income countries [1, 2]. There is
increasing evidence that HIV is an independent risk factor
for stroke, resulting in an emerging population of peo-
ple living with both HIV and stroke all over the world in
both high and low resource areas [3—9]. Little research has
been conducted on this population, particularly from a
neurorehabilitation standpoint. It is important to consider
the HIV-stroke population from this viewpoint because
both are chronic diseases associated with lasting neuro-
logic injury and require extensive amounts of monitoring,
assessment, and treatment. While dealing with one is
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difficult enough, the added burden on the patient, their
family, and health care providers from both diseases is an
impending global health challenge that must be addressed.

Studies to date looking into the relationship between
HIV and stroke have taken an epidemiological or patho-
physiological approach, both confirming and trying to
understand the cause for increased stroke rates in the HIV
population [3—11]. However, very little is being done to
address the physical, cognitive, social, and other problems
that the HIV-stroke population currently faces. There is
a need to develop relevant evidence-driven neurorehabili-
tation strategies for the HIV-stroke population to address
the gaps in care and improve outcomes related to qual-
ity of life. This is an issue that is globally relevant given
the rapidly aging HIV population in high income coun-
tries (HICs) and the increasing stroke rates in low and
middle income countries (LMICs), where HIV is more
prevalent [12]. Developing these solutions can also lead
to advancements that may benefit people with just stroke,
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just HIV, and other populations dealing with multiple
comorbidities.

As outlined by the National Institutes of Health, improv-
ing prevention or treatment of HIV-associated comorbidi-
ties and complications has become a high priority area in
HIV/AIDS-related research [13]. Additionally, in the con-
text of LMICs, the World Health Organization (WHO)
has said that addressing the disability issue “is a develop-
ment priority because of the higher prevalence of disabil-
ity in lower-income countries and because disability and
poverty reinforce and perpetuate one another” [14]. This
review approaches the HIV-stroke population from a neu-
rorehabilitation viewpoint — a viewpoint that is currently
lacking for this population. Neurorehabilitation refers to
the concept of intentionally affecting recovery in the ner-
vous system through targeted rehabilitation exercises that
can span across physical, cognitive, psychological, social,
and cultural domains. To successfully develop neuroreha-
bilitation strategies for the HIV-stroke population, a thor-
ough understanding of multiple areas is needed, ranging
from the molecular to the behavioral to the engineering.
This includes the mechanisms, manifestations, and treat-
ment options of neurologic injury in stroke and HIV, the
additional challenges posed by the HIV-stroke population,
and rehabilitation engineering approaches for both high
and low resource areas.

This review also goes into strategies for develop-
ing robot-based neurorehabilitation strategies. Robot-
assisted technologies have shown to be a promising
approach in rehabilitation with the emergence of the reha-
bilitation robotics field. We explore how robot-assisted
rehabilitation could be used as a potential approach
to designing neurorehabilitation strategies for the HIV-
stroke population. We highlight relevant areas of research
in the field of rehabilitation robotics that can help advance
research on the HIV-stroke population such as robot-
based biomarkers of motor impairment, motor learning,
cognitive assessment and rehabilitation, and affordable
rehabilitation robotics. Other rehabilitation techniques,
such as community-based rehabilitation, also have util-
ity in designing new neurorehabilitation strategies. We
detail a system we have built that combines both robotic
and community-based rehabilitation — the Rehabilita-
tion Community-Based Affordable Robot Exercise System
(Rehab CARES) Gym — and is specifically designed to be
deployed in LMICs that can be used as a way to provide
neurorehabilitation to the HIV-stroke population.

The aim of this review is to connect the underlying neu-
rologic properties in both HIV and stroke to rehabilitation
engineering. By doing so, we hope to highlight both the
gaps in research in order to spur the development of novel
neurorehabilitation approaches for the HIV-stroke popu-
lation and the opportunities to expand the scope of the
rehabilitation robotics field.
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Neurologic injury in stroke

Stroke affects 800,000 people in the United States each
year, costing roughly 34 billion USD in health care ser-
vices, medications, and lost productivity [1]. It is the fifth
leading cause of death and a leading cause of disability
[1]. In LMICs, stroke rates have increased by 100 percent
from 2002-2012 [12]. The heterogeneous nature of stroke
poses a challenge in developing effective solutions that
are applicable to the spectrum of stroke outcomes. Many
of the advancements in the field have not yet made it to
LMICs. As such, making these solutions accessible in a
global context poses an additional unmet need.

Stroke is a neurologic disease resulting from either a
blockage in a blood vessel supplying the brain or a rup-
ture of a blood vessel in the brain, termed an ischemic
or a hemorrhagic stroke, respectively. Standard stroke
risk factors include high blood pressure, high cholesterol,
diabetes mellitus, sedentary lifestyle, and smoking [15].
Because these factors are addressable, stroke is seen as
a preventable disease. Depending on factors such as the
size and location of the brain lesion resulting from the
stroke, varying degrees of cognitive and motor impair-
ment can result in difficulties performing activities of daily
living and significantly reduce the quality of life for the
stroke patient. These life-altering impairments can mani-
fest as physical impairment — such as hemiparesis, mus-
cle weakness, and spasticity — or cognitive impairment —
such as vision problems, memory loss, aphasia, and
other issues.

Functional brain changes after stroke

Functional changes in the brain have been extensively
studied in various magnetic resonance imaging (MRI)
studies, and provide a glimpse into the changes that hap-
pen in the brain on a systems level. Functional changes
refer to how regions of the brain activate differently after
a stroke in a resting state or during the performance
of a task. Functional MRI (fMRI) studies have demon-
strated that the brain can respond in several different ways
following stroke. Ward showed that in stroke patients
who had intact primary motor cortices, more complete
recovery was achieved when brain activation patterns mir-
rored that of healthy controls, while those with poorer
recovery recruited additional motor-related regions in the
brain [16]. A negative correlation was shown between
outcome and task-related activation in regions associated
with motor movement [16]. Bilateral and contralesional
recruitment can occur involving the contralesional (the
side of the brain not affected by the lesion) and ipsilesional
(the side of the brain with the stroke lesion) parts of the
supplementary motor area, cingulate motor areas, premo-
tor cortex, posterior parietal cortex, and cerebellum [16].
Non-motor brain regions can be involved in motor recov-
ery as well [16, 17]. Other longitudinal fMRI studies have
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shown similar results as Ward, with a consistent pattern
of initial contralesional recruitment, with recovery depen-
dent on how much activity is restored to the ipsilesional
side [18-20].

Structural changes after stroke

Structural changes have been examined using diffusion
tensor imaging, which visualizes the structural integrity of
white matter tracts in the brain by measuring the diffusion
of water across these tracts [21]. Damage to the white mat-
ter results in reduced anisotropic diffusion, and this can be
quantified in values such as fractional anisotropy (FA) and
mean diffusivity [21]. Warach used diffusion-weighted
imaging to measure changes in apparent diffusion coeffi-
cients (ADCs), showing that these values decreased after
stroke and slowly returned toward normal values in the
chronic phase of stroke, allowing for acute lesions adjacent
to chronic infarcts to be readily distinguished [22]. Oth-
ers have shown that the infarct regions in the ipsilateral
descending corticospinal tract of stroke patients resulted
in lower FA values [23].

Stroke treatment

Acute phase

The acute phase of stroke refers to the first month after
stroke onset. There are limited treatment options at the
time of stroke onset. An ischemic stroke can be treated
with tissue plasminogen activator (TPA) — a protein that
dissolves blood clots — if it is administered within four
and a half hours of stroke onset [24]. The clot can also
be mechanically removed. These treatments can reduce
the long term effects but do not guarantee full recovery
given the short time window for success. Full recovery
is associated with a return to pre-stroke neurologic and
functional conditions. On the neurologic side, recovery
involves reversal of diaschisis, neurogenesis and repair,
and alteration of existing pathways [25, 26]. Functional
recovery is closely intertwined with neurologic recovery,
as changes in physical or cognitive ability are reflective of
changes in brain function.

Spontaneous vs use-dependent recovery

Sub-acute phase

Despite the limited window for administering TPA, recov-
ery can still occur after stroke. Recovery can generally
be broken in two separate categories — spontaneous
and use-dependent recovery. Spontaneous recovery is
the period of time shortly following a stroke when the
brain naturally compensates for lost function by form-
ing new neurons or recruiting other parts of the brain
to execute a damaged function and is thus in a state of
increased neuroplasticity [27]. Neurogenesis can occur in
the affected brain region following a stroke, and the more
neurogenesis there is, the more function is recovered [28].
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However, the specific mechanisms of neurogenesis or how
to increase the output remains an open question.

The time between the first month and sixth month
after stroke onset is referred to as the sub-acute phase.
The majority of regained function occurs in the first
three months following a stroke and spontaneous recov-
ery plateaus after six months [29]. The ability of a
patient to naturally recover function is dependent on the
severity and location of the stroke — mild and moder-
ate stroke patients more so than severe stroke patients
have much greater chances of recovering or improving
function [29].

Chronic phase

Use-dependent recovery can serve two purposes. It aims
to help the patient regain additional function more quickly
than spontaneous recovery alone and can also promote
recovery in the chronic phase of stroke, which is beyond
six months after stroke onset. Use-dependent therapy
promotes additional neuroplasticity to improve recov-
ery through repetition [30—32]. Intensive use-dependent
therapy during the acute phase of stroke leverages
the period of spontaneous neuroplasticity to maximize
recovery outcomes. Inducing additional recovery in the
chronic phase — beyond six months after the onset of
stroke — is a key focus in rehabilitation, as 55-75 per-
cent of stroke patients experience lasting upper limb
impairment [33].

Rehabilitation strategies

Understanding the functional and structural changes that
result from a stroke and how these progress over the
course of recovery is important in order to design neu-
rorehabilitation strategies that can drive brain reorga-
nization and functional recovery in a targeted manner.
Conventional treatment after a stroke involves a com-
bination of physical, cognitive, occupational, and speech
therapy, among other forms of support. These therapies
require dedicated rehabilitation professionals, and data
show that the burden of stroke management will continue
to increase [34]. Combined with current trends reflect-
ing a shortage of physical therapists in the U.S. workforce,
quality and access to care will be significantly impacted
[35]. This pressure is already felt in LMICs [14]. Even
some regions in HICs, particularly rural areas, are already
experiencing the effects of a shortage on rehabilitation
professionals and services [36].

The need for innovative stroke rehabilitation strate-
gies is a global need. As a result, a lot of research has
gone into developing more effective rehabilitation strate-
gies that can augment the abilities of therapists and bring
rehabilitation services to more patients. Going hand in
hand with the need for innovative stroke rehabilitation
strategies is the need for reliable, quantitative ways to
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assess and measure progress. Clinical assessments are
useful for providing insight on the overall status of the
patient, but the distinction between different groups is
often very coarse (i.e. severe vs. moderate vs. low impair-
ment or dementia vs. no dementia). Current assessments
include motor function tests such as the Fugl-Meyer
Test, Wolf Motor Function Test, Nine-hole Pegboard Test,
Grooved Pegboard Test, Box and Blocks Test, Timed Up
and Go Test, Ten Meter Walk, and Modified Ashworth
Scale; cognitive tests such as the Montreal Cognitive
Assessment, Trail Making Tests, and Mini-Mental State
Examination; and overall neurologic examinations such as
the National Institutes of Health Stroke Scale, the Barthel
Index, Functional Independence Measure, and the Mod-
ified Rankin Scale [37-50]. The ideal clinical test would
be quick, easy to use, reliable, and responsive to mean-
ingful clinical change, but no test currently meets all the
criteria [51].

There are multiple limitations to current clinical tests.
They often require a trained professional and take
time to administer. In addition, the set of clinical tests
that are administered can vary by the resources and
time available. Even when the same test is adminis-
tered, results can vary depending on who is admin-
istering the test, thus limiting the ability to identify
milder changes. As such, even though there are estab-
lished assessments and rehabilitation strategies, there is
a lot of room for improving these areas with innovative
approaches.

Neurologic injury in HIV

Each year, 40,000 new people are diagnosed with HIV, and
1.2 million people live with HIV in the U.S. [52]. There
are 36.7 million people living with HIV worldwide, with
the majority living in LMICs [2]. HIV is an incurable dis-
ease that attacks the body’s T cells, which if left untreated,
leads to acquired immune deficiency syndrome (AIDS)
and opportunistic diseases infecting the body. With the
advent of antiretroviral therapy (ART), HIV has changed
from a life-threatening to a chronic disease, resulting in
a rapidly aging HIV population. By 2020, half of the HIV
population in the U.S. will be over 50 years old [53]. ART
has been a life-changing development, but there remain
problems that have yet to be addressed, namely the preva-
lence of neurocognitive disorders, impairments, activity
limitations, and disability.

HIV-associated neurocognitive disorders

HIV-associated neurocognitive disorders (HAND) are
a set of neurologic disorders of varying severity that
affect cognitive, motor, and behavioral domains [54].
The categories of HAND, as defined by the Frascati cri-
teria, include asymptomatic neurocognitive impairment
(ANI), minor neurocognitive disorder (MND), and HIV-
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associated dementia (HAD) [55]. ART has decreased the
incidence of HAD, while the incidence and prevalence
of milder forms of HAND remains high at about 40
percent of the HIV population [56, 57]. HAND can impact
the quality of life of a patient by contributing to HIV-
associated disability and interfering with their ability to
independently perform activities of daily living, such as
adhering to medication, leading to more serious down-
stream problems [54, 58]. When the Frascati criteria was
established, minor cognitive-motor disorder was encom-
passed into MND and motor-related assessments were
minimized for the most part. However, HAND can also
impact physical domains as well, leading to neuropathy,
slowed movement, ataxia, impaired gait, and diminished
fine motor skills [59].

The gold standard for diagnosing HAND is by an exten-
sive neuropsychological battery that assesses a patient’s
information processing, learning and memory, executive
function, verbal fluency, working memory, and motor
domains [55]. This requires a trained professional and
is a time-consuming process. In settings where an in-
depth assessment cannot be administered, brief screening
tests are desired [55]. The most commonly used screening
test is the International HIV Dementia Scale (IHDS) [60].
Other screening tests include the HIV Dementia Scale
(HDS) and Montreal Cognitive Assessment (MoCA), but
neither performs well in distinguishing the milder forms
of HAND [61]. Motor impairment is not extensively tested
in these assessments, but may have utility in diagnos-
ing neurocognitive disorders when normative data is not
available [62].

Pathophysiology of HIV-associated neurocognitive
disorders

The prevalence of HAND likely remains high because cur-
rent ART regimens are not successfully penetrating the
central nervous system [56]. The most widely accepted
model states that HIV invades the brain via a “Irojan
Horse” method in which infected monocytes cross the
blood-brain barrier and differentiate into macrophages
[63, 64]. This then leads to neurodegeneration and the
symptoms seen in HAND. The neurodegeneration is
caused from chronic neuroinflammation resulting from
a combination of cytokine and chemokine effects, exci-
totoxicity, or oxidative stress [57]. This in turn leads to
synaptic disruption and impaired neurogenesis. While
these issues may be addressed by developing different
drug therapies that are better able to cross the blood-brain
barrier and target the mechanisms of neurodegeneration,
other approaches should be considered to manage the
symptoms. There is also emerging research suggesting
that ART itself could have neurotoxic effects on the brain,
leading to the production of compounds similar to those
seen in Alzheimer’s disease [57].
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Functional brain changes after HIV infection

Much like stroke, the effects of HIV on the central nervous
system have been observed using MRI methods. The
changes in the brain due to HIV are visible even before
HAND can be clinically diagnosed [65]. Fronto-striatal
circuits have been shown to be altered by HIV, with the left
inferior frontal gyrus and left caudate being the most com-
monly affected regions [65-68]. Studies have shown that
HIV also impacts complex information processing and
selective attention, establishing a connection between the
affected fronto-striatal circuits and observable behavior
[68]. Melrose demonstrated that functional changes in the
prefrontal cortex and basal ganglia, which are associated
with working memory, occur before structural changes
[67, 69]. Neurologic changes can result in minor cognitive
or motor disorders and progress to more severe dementia
if the HIV is left untreated [70]. Other neurologic effects
of HIV include increased activation in the lateral pre-
frontal cortex and delayed motor learning in HIV-infected
children [65, 71].

Structural brain changes after HIV infection

Structurally, HIV results in cortical thinning in primary
sensorimotor, premotor, and visual areas, with prefrontal
and parietal tissue loss showing a correlation with slow-
ing of psychomotor speed [72]. Volume loss in the striatal,
hippocampal, and white matter areas has been shown to
begin in the asymptomatic stages of HAND [73]. Stud-
ies have shown that people with HIV had significant
reductions in brain volumetrics in the amygdala, caudate,
corpus callosum, and putamen despite ART treatment
[74, 75]. These findings were independent of aging, which
can also increase the vulnerability of the brain. Changes
in brain structure have been shown to occur within a
year of HIV infection [76]. Another study showed that
gray matter decreases in the anterior cingulate and tem-
poral cortices along with white matter reduction in the
midbrain region were associated with cognitive decline,
while motor dysfunction was associated with basal ganglia
gray matter atrophy [77]. These structural changes and the
prevalence of HAND demonstrate that while HIV can be
well controlled by ART, there are still detrimental effects
of HIV that have yet to be addressed.

Rehabilitation strategies for the HIV population

In a Canada-based study, upwards of 80 percent of
Canadians living with HIV reported dealing with an
impairment, activity limitation, or social participa-
tion restriction [78]. Another study in South Africa
on over 1,000 people living with HIV showed that
more than a third experience the onset of disabil-
ity [58]. HIV can accelerate the aging process and
lead to frailty and physical impairment earlier on in
life [79]. Thus, rehabilitation strategies must address
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both the cognitive and physical impairments resulting
from HIV.

Physical impairments resulting from HIV include
chronic pain, joint stiffness, and muscle weakness [59].
However, the number of HIV patients receiving physi-
cal therapy is much lower than the number who report
dealing with physical limitations [80]. In addition, the fluc-
tuating, episodic nature of HIV can pose additional com-
plications in the day-to-day performance of the patient
[81]. Episodic disability is defined as periods of good
health interrupted by potentially debilitating periods of
disability. This can lead to fluctuations in performance on
both short and long timescales over the course of living
with HIV and can impact activities of daily living or the
ability to hold a job, making occupational therapy useful
for the HIV population [82]. These periods of disability
can manifest either from HIV or the treatment itself.

The call for rehabilitation strategies specific to the
HIV population has been a relatively recent development
by developed countries, but it is a need that is magni-
fied in LMICs. Stroke neurorehabilitation strategies have
received far greater focus while there is a paucity of neu-
rorehabilitation successes in HIV populations, who are in
dire need of such strategies. Rehabilitation in HIV consists
of activities and services that address these restrictions
while taking into account the distinct physiological, emo-
tional, and societal features of HIV [81]. Within the frame-
work of rehabilitation for people living with HIV, ensuring
a wide selection of traditional and specialized profession-
als (i.e. physical and occupational therapists), services (i.e.
AIDS service organizations and alternative therapists),
and support (i.e. community workers, legal counselors,
social support groups) is a key focus [81]. Despite the exis-
tence of a rehabilitation framework, people living with
HIV still struggle to gain access to the rehabilitation ser-
vices they need, often from a lack of awareness on both
the patient and care provider side [83]. A challenge in HIV
and rehabilitation is the increasing presence of comor-
bidities — such as diabetes, Hepatitus C, cardiovascular
disease, renal disease, and frailty — that can complicate
already existing disabilities [79, 84].

A first step in addressing the need is increasing aware-
ness among health care professionals to facilitate access
to rehabilitation services for people with HIV, as few
rehabilitation professionals knowingly work with some-
one living with HIV [81]. This indicates a gap in ser-
vice and a need for HIV-specific training and guidance.
Another necessary step is a concerted effort to assess
the effectiveness of rehabilitation services [85]. A method
for developing clinical practice guidelines in HIV reha-
bilitation has been proposed by O’Brien and colleagues,
focused on understanding the diversity of people living
with HIV, taking a client-centered and holistic approach,
and maximizing access to rehabilitation services [85].
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These guidelines or a similar approach can inform HIV
rehabilitation practices that are evidence-based, practical,
and accessible. To achieve this, it has been suggested that
research in HIV rehabilitation should focus on access to
rehabilitation and models of rehabilitation service provi-
sion such as early screening and assessment for disability
to identify the need for rehabilitation, understanding the
transition throughout the HIV continuum of care, and
tailoring service delivery to increase the accessibility of
rehabilitation to different populations [85].

Stroke in the HIV population

The life expectancy of someone living with HIV in the
United States has increased from under 40 years in 1996
to 73.1 years in 2011 [86]. While it is still below the general
population’s life expectancy of 78.8 years, the increased
lifespan naturally exposes the HIV population to con-
ventional stroke risk factors [87]. This means that the
presentation of both HIV and stroke in a patient can
sometimes be coincidental.

However, there is a body of research using epidemi-
ological and pathophysiological methods establishing an
association between HIV and stroke [3—11]. Several pos-
sible explanations for why HIV causes an increased risk of
stroke have been hypothesized. These include opportunis-
tic infection, HIV-associated vasculopathy, cardioem-
bolism, chronic inflammation, and the neurotoxicity of
ART itself [3]. A study on the Veterans Aging Cohort,
consisting of 76,835 male veterans, showed that HIV
infection is associated with an increased ischemic stroke
risk among HIV-infected compared with demographically
and behaviorally similar uninfected male veterans [88].
In 2012, Chow reported that stroke rates were higher
in the HIV population — particularly in young patients
and women — independent of typical stroke risk fac-
tors compared to the general population in a Boston
healthcare system [5]. From 1997-2006, there was a 60
percent increase in stroke rates in the U.S. HIV population
despite stroke rates in the general population decreasing
by seven percent [4]. Combined with increasing stroke
rates in LMICs where HIV is more prevalent, the HIV-
stroke population is one that is emerging in both HICs and
LMICs [12].

In the U.S., the mean age of patients with HIV at the
time of their first stroke was 48.4 years old as of 2006, up
from 42.9 years of age in 1997 since the introduction of
ART [4]. This is considerably lower than the average age
of stroke onset of the general population, which is 70.7
years of age [1]. In a recent study in a U.S. HIV popu-
lation, the incidence of cerebrovascular event — defined
as ischemic stroke, hemmoraghic stroke, and transient
ischemic attack — was 3.87 per 1000 years lived [89].
Another study found the incidence of just ischemic stroke
to be 1.25 per 1000 years lived [90]. Compared to the
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HIV-stroke population in the U.S., the HIV-stroke popu-
lation in areas such as Sub-Saharan Africa is considerably
younger. Two studies in South Africa and Malawi showed
that the mean age of stroke in HIV patients was 33.4
and 39.8 years old, respectively [7, 8]. Besides the lower
age of stroke in HIV patients compared to the U.S,, it is
also important to note that these particular HIV-stroke
patients did not present with typical risk factors of stroke.
The HIV prevalence in these countries is 11 and 12 per-
cent of the total population, compared to under 0.5 percent
in the U.S. [7, 8]. In some reported cases in LMICs, stroke
was the presenting factor that led to HIV diagnosis [7].

Treatment strategies

Current treatment strategies for people with both HIV
and stroke often do not account for the presence of both
diseases. For example, the HIV status of someone who
has suffered a stroke is usually not a factor when adminis-
tering treatment or therapy. In other cases, stroke can be
the initial manifestation of HIV [7, 91]. In addition, emer-
gency rooms are often not equipped for real-time HIV
testing [9]. The effects of drug interactions on the patient
remain unknown and thus warrant further investigation.
Efforts toward reducing the neurotoxicity of ART, mak-
ing the central nervous system more permeable to ART
to limit chronic neuroinflammation, and finding a cure
to HIV are long-term, high-priority goals that will help
the treatment and management of the HIV-stroke pop-
ulation [13]. However, these do not benefit the current
population living with the challenges of both conditions,
and there is a distinct lack of rehabilitation strategies spe-
cific to the HIV-stroke population. This is an important
need because ignoring the episodic nature and associated
comorbidities of HIV during stroke recovery could affect
outcomes in ways that are not seen in the stroke popula-
tion [82]. While HIV alone may present with deficits that
necessitate rehabilitation, the occurrence of both HIV and
stroke is different from other comorbidities that may show
up in either HIV or stroke alone because both result in
neurological damage. Thus, this necessitates a treatment
approach that has not yet been implemented that accounts
for both HIV and stroke.

Challenges

There are various challenges that should be considered
when coming up with rehabilitation and treatment strate-
gies for the HIV-stroke population. The presence of HIV
prior to stroke can alter the approach to managing a
person with both HIV and stroke. These challenges —
while not necessarily exclusive to the HIV-stroke popula-
tion but are certainly magnified — include joint cognitive
and motor deficits, lack of uniform clinical assessments,
unknown changes in the brain, psychosocial issues, and
accessibility to services.
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Joint cognitive and motor deficits

The presentation of motor and cognitive deficits could
be much more varied in the HIV-stroke population. Fac-
tors such as the severity of HAND compounded with
the stroke lesion location and size means that the pre-
sentation of deficits spanning both motor and cognitive
domains could require additional management strategies
compared to the HIV population or stroke population
alone. For example, compared to a patient with just stroke,
someone with HAND who suffered a stroke confined to
the primary motor cortex would have the neurocogni-
tive deficits associated with HAND on top of the motor
impairment from the stroke. The increased variability
across the spectrum of combined cognitive and motor
impairments could introduce added complexity in both
assessment and treatment of the patient. Many current
motor rehabilitation strategies do not take into account
the effects cognitive impairment can have on overall
recovery [92-94]. More research needs to be done to
shed light on this area as cognitive impairment can be
an important factor in choosing the most effective motor
recovery intervention [92-95]. The connection between
cognitive and motor function can be seen in HIV, where
studies have shown that cognitive function can improve
from aerobic or strength resistance activity [96]. Thus, the
presence of both cognitive and motor deficits is a chal-
lenge that must be addressed in order to develop effective
neurorehabilitation strategies.

Lack of uniform clinical assessments

HIV and stroke have their own sets of clinical tests to
assess motor, cognitive, and other domains. One of the
few studies looking at both the HIV and stroke pop-
ulations establishes a measure of fatigue across HIV,
stroke, and cancer [97]. The lack of uniform clinical tests
makes it more difficult to assess the HIV-stroke popu-
lation, and there are no established ways to account for
the presence of the other disease during assessment. For
example, a pen-and-paper cognitive test during a neu-
ropsychological assessment for HAND would be difficult
for someone who suffered a stroke resulting in hemi-
paresis of their dominant hand. This could also apply to
a stroke patient without HIV presenting with neurocog-
nitive deficits. In addition, the results could be misrep-
resented even if the patient were able to complete the
task with their non-dominant hand. Certain tests require
data from a large healthy population in order to normal-
ize the scores, which could vary by country and could
be affected by cultural factors, such as the Trail Making
Tests [98]. On top of this, a number of other coinfec-
tions and comorbidities such as diabetes, bone and mus-
cle dysfunction, and age-related frailty can impact the
management of the patient and the ability to perform
assessments.
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Unknown structural and functional changes in the brain

It is unknown how the presence of HIV and stroke jointly
affects the functional and structural properties of the
brain. As discussed earlier, both diseases independently
result in neurologic changes [16-23, 65-77]. To date,
comorbidities that may have an effect on neurologic prop-
erties have often been criteria for exclusion in imaging
studies, thus imaging data on the HIV-stroke population
is lacking. However, the presence of HIV could be prim-
ing the brain prior to the onset of stroke and could have
various implications that are still unknown. Given the
advances in imaging technologies and analytical methods,
there is the opportunity for useful knowledge regarding
the combined neurologic effects of HIV and stroke to
emerge that can drive the development of neurorehabili-
tation strategies.

Psychosocial issues

Psychosocial issues resulting from both stroke and HIV
can pose a challenge in effectively reaching those who
would benefit from a targeted rehabilitation strategy
[99-101]. Because of the stigma associated with HIV in
various countries, seeking care or revealing one’s HIV sta-
tus can be a daunting prospect [102]. The psychological
effects of living with both HIV and stroke should be taken
into account and may require additional considerations
when designing treatment regimens.

Accessibility

There is a lack of health care professionals who are famil-
iar with the needs of both the HIV and stroke populations
and the available resources. This challenge is magnified in
LMICs, where an increasing double burden exists of mal-
nutrition and infectious diseases with new problems such
as chronic conditions [14]. These resource challenges can
also be seen in some areas in HICs, particularly rural areas
where it is harder to access the necessary care [36]. In
both these areas, the supply chain for rehabilitation ser-
vices may not be effective or adequate in reaching a lot of
people.

Designing robot-assisted neurorehabilitation
strategies for HIV and stroke
The ideal solution to the challenges posed by the HIV-
stroke population would be one that is applicable across
the combined spectrum of cognitive, motor, and social
impairments. On top of that, it should be scalable and
accessible to the HIV-stroke populations not only in the
U.S. and other high resource areas but also in lower
resource areas around the world. While no such solution
currently exists, there are potential approaches that
can be leveraged.

As highlighted earlier, one of the biggest challenges with
the HIV-stroke population is the increased prevalence of
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joint cognitive and motor deficits. While this challenge
is magnified in the HIV-stroke population, this is not a
challenge that is unique to this population, as many neuro-
logic diseases can result in some combination of cognitive
and motor deficits. Advanced assistive and rehabilitation
technologies, namely robot-based methods, provide an
approach to assess impairment and provide rehabilita-
tion that can address many of the challenges faced with
the HIV-stroke population [103]. Rehabilitation robotics
has demonstrated the ability to be at least as effective as
high-intensity physical therapy [104, 105]. The upside that
they provide over conventional therapy is the ability to
provide consistent treatment over longer periods of time.
Patients with all levels of impairment can be treated based
on the adaptive nature of the robots. These technologies
can reduce the load on rehabilitation professionals and
augment their ability to provide care to patients. Another
benefit of these technologies is the added capability to
collect vast amounts of data, track progress, and provide
feedback to the patient and caregiver. This opens the door
for other technological advances, such as those made in
mobile health, machine learning, and telemedicine, to be
incorporated into the rehabilitation engineering space and
improve the quality of care.

Potential robot-based areas of focus

While there are many areas that rehabilitation robotics
span, we will briefly highlight a few that are relevant
to designing neurorehabilitation strategies and consider-
ations for applying these to people living with both HIV
and stroke. These areas include robot-based biomarkers of
motor impairment, motor learning, cognitive assessment
and rehabilitation, and affordable rehabilitation robots.
We discuss various open questions and potential research
directions in each of these areas as they relate to the
HIV-stroke population.

Robot-based biomarkers of motor impairment

The ability to quantify kinematic and dynamic measures
of motor impairment is a key feature of robot-based sys-
tems, allowing for both higher resolution and reliability
compared to clinical tests. There has been a lot of research
into different metrics that are reflective of motor impair-
ment [104, 106, 107]. The development of these metrics
allows for assessment to be administered in a quicker
manner and for progress to be tracked throughout the
course of rehabilitation. Another benefit of robot-based
biomarkers is the ability to potentially reduce the sample
size needed to test a rehabilitation strategy, allowing for
more efficient experiments [107]. In areas where trained
rehabilitation professionals are in short supply or assess-
ments are not feasible, having a robot assist in assessment
and treatment can increase accessibility to quality treat-
ment as well as reveal new information about areas that
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have been typically difficult places to gather data. Robot-
based biomarkers of motor impairment have shown to be
effective as it relates to stroke and has the potential to be
useful for the HIV and HIV-stroke populations as well.
However, the episodic nature of HIV causes patients to
have variability as it relates to task performance, and how
the episodic nature might affect motor recovery before
and after stroke is an open question that could potentially
be addressed by robot-based biomarkers.

Motor learning

Recovery of motor function is often seen as an exten-
sion of the motor learning process, consisting of motor
adaptation, skill acquisition, and decision making [108].
Motor learning principles have been used to develop more
effective rehabilitation strategies such as impairment-
oriented training, constrained-induced movement ther-
apy, electromyogram-triggered neuromuscular stimula-
tion, robot-based therapy, and virtual-reality based reha-
bilitation [109]. Other strategies based on motor learning
have also been explored, such as errorless learning or error
augmentation [110, 111]. A typical motor learning exper-
iment involving a robot consists of holding the end of
a planar robotic arm and making reaching movements
while the robot produces a perturbation force unknown to
the subject that alters their trajectory [112]. A challenge to
applying motor learning principles to robot-based reha-
bilitation is ensuring that actual learning rather than just
motor adaptation is occurring [113].

Implicit and explicit learning are the two main meth-
ods of achieving motor outcomes. Explicit motor learning
is defined as “learning which generates verbal knowl-
edge of movement performance, involves cognitive stages
within the learning process and depends on the involve-
ment of working memory” while implicit learning “pro-
gresses with no or minimal increase in verbal knowledge
of movement performance and without awareness” [114].
This implies that implicit learning involves the develop-
ment of inherent habitual responses while explicit learn-
ing involves systematic processing of each step of the
task [114]. Implicit and explicit learning have been stud-
ied in controlled laboratory environments, without a clear
consensus of the value of one versus the other or which
method is more effective in rehabilitation [115-119].
Some literature suggests that explicit feedback can inter-
fere with the motor learning process in patients recov-
ering from stroke and that implicit learning strategies
may be more effective for patients with more cognitive
deficits [120-122].

The combination of robotics and models of motor
learning has resulted in the emergence of the compu-
tational neurorehabilitation field [123]. While there are
many challenges associated with the field and dealing with
an impaired population, grounding strategies in motor
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learning principles can lead to beneficial outcomes in the
HIV-stroke population. Given the wide range of cognitive
and motor impairments, identifying the best motor learn-
ing strategies under different conditions remains an open
research question but, if addressed, can personalize and
optimize recovery for this population.

Cognitive assessment and rehabilitation

Based on people who acquire brain injury including
stroke, there is a need to expand the diversity of popu-
lations who can benefit from robot-based rehabilitation.
A recent review of 120 rehabilitation robots shows that
a majority of the treatment strategies are force-based
or vision-based (virtual reality) systems using explicit
motor learning strategies, and only a few robot therapy
systems use implicit motor learning strategies such as
error-augmentation control strategy [122, 124]. Research
has shown that there is an association between cog-
nition — particularly executive function and attention
— and motor recovery, thus necessitating a focus on
the cognitive aspects as well during rehabilitation [125].
Non-robot based strategies combining cognitive strat-
egy and task-specific training demonstrated transfer of
improvements to untrained activities and better per-
formance compared to regular occupational therapy in
stroke patients [126]. Cirstea and colleagues showed that
successful motor intervention involving knowledge of
performance feedback rather than knowledge of results
led to motor and clinical improvements that were
related to better memory, mental flexibility, and planning
abilities [95].

However, robot-based strategies have the potential to
be applied to the cognitive space. Bourke et al. used a
robotic hit-and-avoid task to test rapid selection and gen-
eration of motor responses which involve cognitive and
motor processes [127]. Additionally, robot-based mea-
sures have been shown to correlate with clinical measures
in TBI patients [128]. Assessing cognitive performance
can allow for novel rehabilitation applications, such as
closed-loop control of cognitive load during a robot-
assisted gait training task [129]. A better understanding of
the cognitive aspects of impairment and how they affect
motor recovery is important for designing rehabilitation
strategies for the HIV-stroke population going forward,
given the increased likelihood of joint cognitive and motor
impairments. While neuropsychological and screening
tests often separate the assessment of motor and cogni-
tive domains, robot-based strategies are an opportunity to
provide assessment and rehabilitation of tasks that involve
both motor and cognitive domains.

Toward affordable rehabilitation robotics
The rapid development in the field of robot-assisted
technologies in rehabilitation has opened the door for
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affordable solutions to take hold, making care more
accessible [130]. Despite this, these technologies are not
yet widely available even in HICs and thus may limit
implementation and accessibility to such solutions in
LMICs. Similarly, current rehabilitation robotics systems,
while potentially cost-effective in the long run, require
an initial amount of capital that may not be feasible for
lower resource areas. The WHO guidelines state that
cost-effective therapy solutions are those that cost less
than three times the national gross domestic product for
each respective country [131]. An example of this can be
seen when Bustamante-Valles and colleagues were able
to set up a robot-assisted rehabilitation gym in Mexico
to supply care in an affordable and effective manner
that allowed therapists to see more patients [130]. As
the majority of people living with disabilities reside in
LMICs, a more concerted effort to design cost-effective
robot-based solutions for rehabilitation will increase
the utility and application of such devices in LMICs,
expanding the reach and scope of the rehabilitation
robotics field.

Potential non robot-based areas of focus

While rehabilitation robotics is a potential approach
to designing neurorehabilitation strategies for the HIV-
stroke population, it is not the only solution available.
There has been development in other forms of rehabili-
tation that have focused on LMICs. These strategies can
more readily address psychosocial and accessibility issues
than the rehabilitation robotics field can in its current
state. Two strategies in particular — community-based
rehabilitation and home-based rehabilitation — have been
particular areas of focus.

Community-based rehabilitation
In order to improve the quality of life for people with
disabilities in LMICs and address some of the barri-
ers, the WHO introduced the concept of community-
based rehabilitation (CBR), which consists of programs
that “are designed to meet the basic needs of peo-
ple with disabilities, reduce poverty, and enable access
to health, education, livelihood, and social opportuni-
ties” [132]. According to the WHO’s global disability
action plan for 2014-2021, barriers that prevent access
to rehabilitation, assistive technologies, and services for
the disabled population in LMICs include high costs,
insufficient number of trained professionals, absence
of facilities and equipment, ineffective service models,
and lack of integration and decentralization of services
[14]. However, CBR programs have shown initial success
in LMICs in increasing independence, self-esteem, and
income [133].

In the context of HIV management, a study conducted
in the United Kingdom and Canada demonstrated that
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community-based exercise programs are safe and can
improve the quality of life of people living with HIV
[134]. Benefits of community-based rehabilitation include
increased social support, enhanced engagement in social
activities, and reduced isolation and stigma associated
with HIV [134]. A recent review of 24 studies showed
that performing aerobic and resistive exercise is safe and
can lead to improvements in cardio-respiratory fitness,
strength, body composition and quality of life for adults
with HIV [96]. CBR has also been tested in the stroke pop-
ulation and shown to be safe and effective [135, 136]. The
initial CBR research in both HIV and stroke populations
indicate that CBR has the potential to be applied in the
HIV-stroke population. Other forms of community-based
rehabilitation need to be tested beyond exercise-based
programs, such as incorporating telemedicine, as well
as the effectiveness of implementing these strategies in
lower resource areas. The additional challenges posed by
the HIV-stroke population and how those might change
the approach of CBR strategies also need to be further
researched.

Home-based rehabilitation

A component of CBR is home-based rehabilitation (HBR).
HBR has been shown to be effective in HICs for chronic
disease management and has the potential to be extended
to LMICs [137]. A recent randomized controlled study in
South Africa showed that a 16-week home-based reha-
bilitation program for people living with HIV carried out
by community health care workers showed similar ben-
efits to the standard of care [138]. HBR relies more on
the patients themselves to drive rehabilitation, but this
method can reduce costs by being based outside of institu-
tions. Patients can still be observed by professionals either
with follow ups or on home visits.

In the context of HIV-stroke care, CBR and HBR would
allow patients to receive treatment in a more comfortable
setting while avoiding some of the challenges presented
with seeking institution-based treatment, such as high
costs and traveling long distances. HBRs can be more eas-
ily implemented than CBRs, which require coordination
across many different moving parts. However, some of the
potential challenges of HBRs include generating support
among policy makers, training sufficient workers, ensur-
ing patient adherence, and translating the same successes
seen in HICs to LMICs [137]. The lack of monitoring
also makes assessing the true effects of HBRs a difficult
task. A major challenge is the compatibility of HBR with
other rehabilitation strategies that require equipment that
people may not be able to afford. Further research into
effective CBR and HBR strategies is needed, but they are a
potential approach for designing rehabilitation strategies
for the HIV-stroke population that can increase the acces-
sibility to treatment.
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A potential approach for HIV-stroke
neurorehabilitation

Combining robot-assisted and community-based
rehabilitation techniques

While both robot-assisted and community-based rehabil-
itation strategies address some of the challenges, neither
of these approaches is suited perfectly for the HIV-stroke
population. With robot-assisted rehabilitation, the social
factors, such as the stigma associated with HIV, are not
necessarily taken into account. In addition, given that
rehabilitation robotics is mostly targeted at motor recov-
ery but the HIV-stroke population will also present with
varying degrees of cognitive deficits, the cognitive load of
a task and its impact on task performance must also be
taken into account. With CBR, there remains the chal-
lenge of reducing poverty, scaling up solutions, and pro-
moting evidence-based practices. Mechanisms to track
data and integrate services are also missing. In other
words, there is still a need in LMICs for a solution rooted
in accessibility, affordability, and analytics.

Combining the two approaches, however, could be a way
to develop an effective, innovative form of neurorehabili-
tation. The strengths of each fill in the holes of the other.
CBR provides a way to address the social aspects that are
not met with rehabilitation robotics alone. The potential
for scalable, affordable treatment and the ability to record
data using robot-assisted rehabilitation would be a way to
provide the quantitative analysis needed to promote the
best evidence-based practices.

Current commercial rehabilitation robotic systems
could be adapted to incorporate CBR-based methods
[124, 139]. For example, the In Motion system (Bionik
Labs) for upper limb rehabilitation and the variety of lower
limb rehabilitation systems from Hocoma Inc. can be used
in ways that promote increased health, livelihood, and
social opportunities for the HIV-stroke population. The
drawbacks of current commercial solutions are the high
cost and scalability of these systems to LMICs. Thus, more
innovation in this space is needed to be able to meet the
functional, social, and emotional needs of the population.

The Rehab CARES Gym

Our lab has designed a system called the Rehabilita-
tion Community-Based Affordable Robot Exercise System
(Rehab CARES) Gym, that is meant to provide robot-
assisted rehabilitation in a community-based setting with
the intention of deploying it in various LMICs through
partnerships with local universities and health systems.
We envision this system being based in primary care,
tertiary care, or community centers. The current sys-
tem is a compact robotic gym that provides affordable,
game-based rehabilitation for the upper and lower limbs,
based on concepts first tested in Mexico [130, 140]. Unlike
existing rehabilitation systems that are bulky, expensive,
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and serve a single patient at a time, our setup enables
one rehabilitation professional to treat multiple patients
at a time in a more efficient manner [130]. It promotes a
community-based approach by creating a fun and social
therapy environment where patients can interact with
each other, increasing their motivation to exercise and
receive treatment. The unique aspects of this system
include its modularity and adaptation of rehabilitation
technologies that can be implemented in low-resource
settings [140].

The system consists of various stations that serve differ-
ent purposes. The passive stations consist of off-the-shelf
rehabilitation equipment that provide patients with minor
to moderate disability the capacity to improve function-
ality, with the ability to manually adjust the resistance.
While these do not provide assistance, we have equipped
them with sensors and motors to interface with games
to adaptively adjust the resistance based on performance.
The active station of the gym consists of a low-cost, single-
degree-of-freedom adaptive haptic robot for upper limb
rehabilitation called the Haptic TheraDrive [141]. This
robot adjusts the amount of assistance based on the user’s
performance in order to provide haptic feedback, allow-
ing for people with severe impairments to interact with
the system as well. Parallel bars and a sensorized walk-
ing platform for lower limb gait assessment and training
are also part of the system. Together, the separate stations
provide caregivers the ability to oversee multiple patients
at once and provide patients access to consolidate differ-
ent forms of rehabilitation in a single location. In the cases
of cognitive impairment, we envision the tasks adapting
the difficulty or cognitive load to the patient in a way that
maintains a caregiver’s ability to oversee multiple patients
at once, although what this would exactly look like is an
open question. This way, the system may be adapting the
robotic assistance in addition to the task itself to suit
the patient’s motor and cognitive impairments. Each sta-
tion is designed to collect assessment and performance
data, which can be used to monitor progress and offer
recommendations for a more personalized approach to
rehabilitation. While the current configuration has three
passive stations, one active station, and one gait station,
the overall design of the system is modular in nature,
meaning that the parts and combinations can be adjusted
to meet the needs and resources of different areas. All of
these stations would be integrated to allow for coopera-
tive or competitive multiplayer games or for data to be
collected for the same patient across different stations.

The Rehab CARES Gym’s data collection capabili-
ties allow for experiments on robot-based biomarkers of
motor and cognitive impairment as well as exploration of
motor learning to be conducted. More research should
focus on the best ways to measure motor and cognitive
deficits with the system. One approach we have tried is
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assessing unilateral upper limb kinematics in both the
impaired and less impaired limb sides using a variety
of tasks that engage both motor and cognitive domains.
Our hypothesis is that metrics exploring the relation-
ship between the impaired and less impaired side could
potentially be used to assess both cognitive and motor
deficits across the stroke, HIV, and HIV-stroke popula-
tions [142]. This approach is supported by other recent
work in stroke subjects [127]. Other avenues to explore
include designing additional robot-based tasks that can
jointly quantify a wider variety of cognitive and motor
domains. Eventually, our goal is that these solutions can
be implemented together in one system able to provide
treatment for the impairments seen across the HIV-stroke
spectrum.

The possible limitations and challenges of this solution
vary depending on the context in which it is being imple-
mented. In HICs, a challenge would be convincing high
resource areas that have sufficient access to rehabilitation
services to adopt such technologies. Therapists’ prefer-
ence for interacting directly with their patients can slow
the acceptance of robot-based solutions even if it pro-
vides similar benefits. Additionally, rehabilitation robot
technologies are still considered experimental by many
health insurance companies and are thus not reimbursed.
In LMICs, additional social and cultural considerations
may come into play, on top of other challenges such as
powering the system, mobility of the system, and train-
ing to operate the system. Cost and resource constraints
may also reduce some of the functionality of the system,
making cost effectiveness analyses important [130].

Conclusion

Developing relevant neurorehabilitation strategies is a
critical component in the care and treatment of people
living with the effects of both HIV and stroke. The long
term physical, cognitive, and social effects of both con-
ditions necessitate extensive monitoring, assessment, and
treatment. The most relevant strategies will be ones that
not only take into account the complex interactions occur-
ring in the patient but also the cultural and economic
considerations of their respective environment.

While there are many challenges posed by the HIV-
stroke population, addressing them can benefit additional
populations beyond just the HIV-stroke population to
advance research in a variety of fields. It will require coor-
dination between experts in various fields such as stroke,
HIV, rehabilitation engineering, global health, and health
care, among other areas. With a more concerted effort
toward designing affordable rehabilitation robotics solu-
tions and drawing on other rehabilitation strategies such
as community-based rehabilitation, there is an oppor-
tunity to expand multiple fields in new and exciting
directions.
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