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ABSTRACT
OBJECTIVE: Up to 50% of the nearly 800,000 patients who experience a new
or recurrent stroke each year in the United States fail to achieve full
independence afterward. More effective approaches to enhance motor
recovery following stroke are needed. This article reviews the
rehabilitative principles and strategies that can be used to maximize
post-stroke recovery.

LATEST DEVELOPMENTS: Evidence dictates that mobilization should not begin
prior to 24 hours following stroke, but detailed guidelines beyond this are
lacking. Specific classes of potentially detrimental medications should be
avoided in the early days poststroke. Patientswith strokewho are unable to
return home should be referred for evaluation to an inpatient rehabilitation
facility. Research suggests that a substantial increase in both the dose and
intensity of upper and lower extremity exercise is beneficial. A clinical trial
supports vagus nerve stimulation as an adjunct to occupational therapy for
motor recovery in the upper extremity. The data remain somewhat mixed
as to whether robotics, transcranial magnetic stimulation, functional
electrical stimulation, and transcranial direct current stimulation are better
than dose-matched traditional exercise. No current drug therapy has been
proven to augment exercise poststroke to enhance motor recovery.

ESSENTIAL POINTS: Neurologists will collaborate with rehabilitation
professionals for several months following a patient’s stroke. Many
questions still remain about the ideal exercise regimen to maximize motor
recovery in patients poststroke. The next several years will likely bring a
host of new research studies exploring the latest strategies to enhance
motor recovery using poststroke exercise.
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Dr O’Dell discusses several
n the first hours after a stroke, neurologists work with emergency medicine
physicians, interventional radiologists, and neurosurgeons to minimize
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for use in people with stroke.
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infarct size by converting ischemic penumbra to salvaged brain tissue.
That salvaged tissue then translates into the preservation of limb movement,
mobility, communication, cognition, and eventually independence. While

neurologic interventions often focus on how damaged brain tissue relates to
symptoms, rehabilitation interventions often focus on how symptoms relate
to performance or function. Among the numerous manifestations of stroke,
motor recovery typically predominates rehabilitation discussions partly because
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of its importance in physical independence but also because it is so obvious and
observable.2,3 The distinction between motor recovery and functional recovery
in stroke rehabilitation is critical.4

Motor recovery is the partial or complete improvement of an individual’s motor
symptoms such as weakness, coordination, fine control, or ataxia. The patient
gets better. Motor recovery occurs either passively, as the hostile environment at
the site of stroke resolves,5 or actively, as a result of remedial rehabilitation
strategies (ie, exercise).4

Functional recovery, in contrast, is a partial or complete improvement in an
individual’s performance of activities of daily living (ADLs), instrumental ADLs
(eg, housekeeping, cooking, washing clothes, paying bills), mobility (eg,
transfers, wheelchair use, walking), or communication. The patient does better.4

Because functional recovery is possible even in the complete absence of motor
recovery, a summary of the therapeutic scope of rehabilitation, as it applies to
stroke, is warranted.6
FIGURE 11-1
A conceptual model of stroke rehabilitation interventions in neurology and rehabilitation
(based on the International Classification of Functioning, Disability and Health [ICF]). The
figure depicts the universe of human health (green oval ) and its four domains (red boxes)
as described by the ICF: health condition or disorder (disease or cellular-level domain),
body functions and structures (symptoms or organ-level domain), activities (performance
or function or person-level domain), and participation (community and role integration of
societal domain). These domains are impacted by both environmental and personal factors
(purple boxes). Most interventions in neurology (blue box) occur at the level of treating
underlying disease to prevent the subsequent development of symptoms that might
eventually cause disability. Rehabilitation intervention (orange box) generally occurs after
symptoms related to the stroke have already developed and fall into six broad categories
(numbered green boxes).
Data from DeLisa J, et al6 and World Health Organization.9
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KEY POINTS

● Motor recovery is the
partial or complete
improvement of an
individual’s motor
symptoms such as
weakness, coordination,
fine control, or ataxia
following a stroke.

● Functional recovery is a
partial or complete
improvement in an
individual’s performance of
activities of daily living,
instrumental activities of
daily living (eg,
housekeeping, cooking,
washing clothes, paying
bills), mobility (eg, transfers,
wheelchair use, walking) or
communication.
Prevention of secondary, non-neurologic disability, such as using range of
motion to prevent ankle contractures and minimizing bed rest to prevent
deconditioning, is far superior to re-establishing function once lost. Remedial
strategies are used to directly treat symptoms resulting from a stroke such as
weakness, aphasia, attention deficit, and dysphagia. These remedial strategies
are almost always based on exercise or involve methods to augment the effects
of exercise and will be discussed in the following sections. Compensatory
strategies take advantage of the systems unaffected by stroke such as using the
intact, unaffected arm to eat and dress or unaffected leg to help walking.
These strategies can immediately increase performance even in the complete
absence of symptom resolution. An individual’s environment can be modified
by using ramps, lowered counter tops, or widened doorways. Likewise, the
individual’s performance can be modified using upper or lower extremity
bracing, functional electrical stimulation,7 or assistive and mobility devices.
To be successful, these approaches all require patient participation and the
recognition that rehabilitation is an active process that cannot be done to
someone. Rehabilitation therapists and physicians recognize that when
motivation, cognition, depression, or anxiety are barriers to learning and
patient participation in exercise, those barriers must be addressed using a
range of techniques.6

All therapeutic strategies are important and necessary in stroke rehabilitation.8

For patients in the early stages after severe stroke, compensatory techniques are
mandatory to maximize independence, minimize burden of care, and facilitate
home discharge in an environment of increasingly short hospital stays.
Remediation, on the other hand, tends to predominate inmild tomoderate stroke
and in the outpatient setting.8 Rehabilitation and neurologic interventions for
symptoms and function are best conceptualized within the context of the World
Health Organization’s International Classification of Functioning, Disability and
Health (FIGURE 11-1).9

Any review of stroke rehabilitation and recovery must necessarily be limited
in scope. This article presents the topic in three sections: (1) rehabilitation issues
the neurologist will encounter in acute care, (2) a narrative of what occurs during
the inpatient and outpatient stroke rehabilitation, and (3) a review of the
principles of exercise in stroke rehabilitation and the main strategies to enhance
exercise in stroke recovery.

REHABILITATION ISSUES IN ACUTE CARE
In acute care, the rehabilitation team will vary by hospital and by the severity
and specific deficits of each patient. The complicated nature of rehabilitation
treatment requires the subspecialization of therapists into the disciplines of
physical therapy, occupational therapy, and speech-language pathology. The
updated American Heart Association/American Stroke Association (AHA/ASA)
2018 Guidelines for the Early Management of Patients With Acute Ischemic
Stroke recommends a “formal assessment” by each of these disciplines before
discharge from acute care.1 In reality, rehabilitation therapists commonly
“cross-treat” impairments from other disciplines, especially cognitive and
communication deficits that impact learning and participation. For all
disciplines, a clear understanding of a patient’s baseline level of function is
critical given that recurrent stroke andmedical comorbidities often contribute to
some degree of pre-admission deficits.
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The Acute Care Rehabilitation Team
Physical therapists address a patient’s mobility, whether the patient is lying in
bed, using a wheelchair, or walking. Assessment of safety awareness, fall risk,
and the ability to multitask physical and cognitive demands simultaneously all
potentially impact discharge disposition. Physical therapists assess if patients
need a handheld mobility device, which depends on the extent of hemiparesis,
balance deficit, and other presentation specifics such as lateropulsion.10 Ankle
bracing is often deferred to an inpatient rehabilitation facility or the outpatient
setting. Careful positioning and frequent repositioning of the arms and trunk by
medical staff will minimize soft tissue shortening, shoulder subluxation, and
plantarflexion contracture (ie, foot drop).11 Occupational therapists evaluate the
relative contributions of weakness, sensory loss, incoordination, apraxia,
neglect, and cognition in performing a range of self-care activities. Safety
awareness during transfers, toileting, and standing ADLs are also particularly
important to a patient’s discharge disposition. Upper extremity loss of joint range
at the fingers and wrist can be minimized with a resting splint set in slight wrist
extension to help offset the flexor tendon shortening that occurs with
hypertonia. Arm support using a pillow or wheelchair tray is always preferred
over a sling, which only promotes unwanted adduction and internal rotation
tightness at the shoulder.12 Occupational therapy expertise in visual and
cognitive assessmentmay be diagnostically valuable to the neurologist should the
discovery of subtle visual deficits or unexpected cognitive findings occur during
higher-level functional activities.

Speech-language pathologists assess and treat communication deficits
stemming from impairments in language (aphasia), articulation and phonation
(dysarthria), motor planning (verbal apraxia), or from underlying cognitive
deficits.13 These impairments often coexist. The 2021 VERSE (Very Early
Rehabilitation for Speech) clinical trial found that a high-dose language
intervention (an extra 20 aphasia treatment sessions starting before day 15 and
ending before week 4)was no better or worse than usual care.14 Speech-language
pathologists are also key team members in screening for and treating
stroke-related swallowing dysfunction.15 Although the 2018 AHA/ASA
guidelines cited insufficient data,1 amore inclusive 2021meta-analysis concluded
that dysphagia screening in acute stroke care was associated with lower risk of
pneumonia, death, and dependency.16

Physiatrists (physical medicine and rehabilitation physicians) work
closely with therapists to identify factors—whether medical, neurologic,
musculoskeletal, or psychological—limiting the mobilization of the patient
with acute stroke and to strategize how to effectively overcome these factors.
With training grounded in the management of neurologic, cardiopulmonary,
and musculoskeletal disability, physiatrists are well positioned to collaborate
with neurologists to evaluate, differentiate, and manage primary and secondary
disability in both the acute and chronic stages of stroke. Physiatrists also
advise neurologists in the complicated process of determining discharge
disposition.17

Acute Care Interventions
An area of debate is the timing to safely begin mobilization exercises after acute
stroke. Early brain plasticity and avoidance of the complications of bed rest and
immobility are benefits of early mobilization.18 However, AVERT (A Very Early
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KEY POINT

● Although further research
is clearly required, the 2018
American Heart
Association/American
Stroke Association
guidelines recommend that
specialized acute stroke
units “incorporate
rehabilitation” into their
care and discourage
mobilization prior to
24 hours poststroke, but
otherwise make only very
general recommendations.
Rehabilitation Trial After Stroke) found that starting mobility training within
24 hours after stroke decreased the odds of achieving a favorable modified
Rankin Scale (mRS) score (defined by ≤2 at 3 months) compared with standard
care.18 Stroke progression and 14-day mortality were also more common in the
early mobilization group, with the greatest risk in patients aged older than
80 years and in those with intracranial hemorrhage.19,20 Comparedwith the usual
care group, the treatment group initiated sitting, standing, and walking earlier
(18.5 versus 22.4 hours poststroke), more frequently (6.5 versus 3.0 sessions), and
for longer (31 versus 10 minutes per day). No differences were found in patients
who received or did not receive thrombolysis therapy, and data suggested that
while increased exercise intensity (more minutes) may be detrimental to
outcome, increased frequency (more sessions) may actually be beneficial.19 The
AMOBES (Active Mobility Very Early After Stroke) trial found no benefit to
high-intensity (45 versus 20 minutes) daily physical therapy initiated within
72 hours of stroke, but was likely grossly underpowered, and the sample was
over-represented by participants with severe stroke.21 Although further research
is clearly required, the 2018 AHA/ASA guidelines recommend that specialized
acute stroke units incorporate rehabilitation into their care and discourage
mobilization prior to 24 hours poststroke, but otherwise make only very
general recommendations.1 Until more clinically useful early mobilization
guidelines are widely available,20 acute care rehabilitation goals should include
safely initiating mobilization; monitoring the stability and functional impact of
motor, sensory, language, and cognitive deficits; preventing musculoskeletal,
pulmonary, and skin complications; and preparing the patient and family for the
next phase of rehabilitation, whether that be in an inpatient or outpatient
setting.19

The pharmacologic enhancement of recovery from stroke (see Exercise
Approaches section) has received much attention22-24; however, from the early
animal studies by Feeney and colleagues,25 certain medication classes have also
been considered detrimental to recovery.26-29 On the basis of both clinical and
animal data, detrimental classes commonly include benzodiazepines,28,30

first-generation antipsychotic medications,25,28 centrally acting antihypertensive
agents,28 and the antiepileptic agents phenytoin and phenobarbital.31,32 Avoiding
these medication classes during acute stroke care is especially critical given the
greatest impact is likely to occur early after stroke presentation and in those with
more severe injury.26,31

Outcome prediction after stroke and the natural history of stroke are
somewhat related topics, and both are of great importance to patients and
society.33 It is generally accepted that most natural motor recovery occurs during
the first 3 to 6 months poststroke and then the patient achieves a plateau.26 Some
authors maintain that motor recovery can continue up to a year.34 Defining a
plateau at the functional or activity level is especially confounded by the ceiling
effects of assessment scales, definitions of “clinically significant,” and important
change at the individual level not captured when analyzing mean change across
groups.35 A variety of methods (clinical, technologic, and imaging)36 have been
used in the first week poststroke to predict recovery at both the impairment and
activity levels.37 One of the best-known methods is the Predicting Recovery
Potential (PREP) algorithm, which combines clinical assessment of shoulder
abduction and finger extension along with neuroimaging and neurophysiologic
assessment to predict Action Research Arm Test scores at 12 weeks poststroke.38
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The widespread use of electronic health records makes a recently described
computerized method using only repeated shoulder abduction and finger
extension assessments to predict 6-month Action Research Arm Test scores
particularly appealing.33 This is usually the Fugl-Meyer Assessment, with scores
ranging from 0 to 66 for the upper extremity. For example, if the initial
Fugl-Meyer Assessment in acute care is 32/66, then the patient can be expected to
gain 70%of the remaining points on the scale (about 24) and achieve amaximum
score of about 56 within 3 to 6 months. However, the calculation is accurate in
only about 70% of peoplewith stroke (the so-called “fitters”).39 Imaging has been
suggested to help distinguish “fitters” from “nonfitters.”40 Although appealing,
the theory has been widely criticized based on mathematical coupling,41,42 poor
applicability in severe impairment,43 significant sensitivity to ceiling effects,41,42

and poor discrimination with quality-of-life measures.44

Inpatient Rehabilitation Referral
Whether to transfer to inpatient rehabilitation is among the final decisions for a
patient with moderate or severe stroke on the acute neurology service. Occurring
amean of only 9 days after admission to acute care in theUnited States,45 transfer
to rehabilitation can be complicated by confusion, contradiction, and
inconsistency because of an uneven availability of acute rehabilitation beds,
variable insurance criteria, complicated referral patterns, and amyriad of federal
regulations for these diagnosis-related group–exempt rehabilitation units.17

Although patient preferences should be taken into consideration, neurologists
should clearly understand and educate their patients on the differences in care
provided by an inpatient rehabilitation facility and skilled nursing facility or
“subacute” rehabilitation unit. In an inpatient rehabilitation facility, federal
oversight guarantees an intensity of rehabilitation therapy, nursing staffing,
physician oversight, and team coordination that rarely exists in a skilled nursing
facility. Using sophisticated statistical modeling to minimize referral biases, a
comparison of more than 33,000 inpatient rehabilitation facility and 66,000
skilled nursing facility Medicare beneficiaries undergoing stroke rehabilitation
found double the gains in self-care and mobility among the inpatient
rehabilitation facility group compared with the skilled nursing facility group.46

The difference in self-care was the equivalent to that of requiring maximal
assistance from another person versus needing only another person present but
no physical assistance (ie, needing continued institutionalization among the
skilled nursing facility group versus ready-for-home discharge for the inpatient
rehabilitation facility group).46 Other studies have underscored the value of
organized inpatient stroke rehabilitation in maximizing functional status,
minimizing medical complications, decreasing 30-day readmission rates, and
reducing mortality.47-49 The 2016 AHA/ASA Guidelines for Adult Stroke
Rehabilitation and Recovery state that, when available, all patients with stroke
who cannot return home should be evaluated for an inpatient rehabilitation
facility at the conclusion of an acute hospitalization.50 In 2021, the AHA/ASA also
put forth an acute care stroke rehabilitation performance measure stating that
“[p]eople with stroke who qualify for, would benefit from, and have geographic
access to [inpatient rehabilitation facility] IRF care should receive acute inpatient
rehabilitation in an IRF.”51 Based on evidence and guidelines, it is appropriate for
the neurologist to advocate for their patients with stroke who cannot return
home to receive inpatient rehabilitation facility assessments. Admission to a
APRIL 2023
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KEY POINT

● Admission to a skilled
nursing facility, without
inpatient rehabilitation
facility consideration, for
the sole purpose of
decreasing acute care
lengths of stay, maintaining
historical referral patterns,
or preventing “bleed”
outside of a constituent
health care system should
be viewed as incompatible
with best practices.
skilled nursing facility, without inpatient rehabilitation facility consideration,
only for the sake of expediency to decrease acute care lengths of stay, tomaintain
historical referral patterns, or to prevent “bleed” outside of a constituent health
care system should be viewed as incompatible with best practices. That said, the
intensity of an inpatient rehabilitation facility naturally excludes some patients
with stroke who are medically or cognitively unable to participate. These
individuals are more suitable for skilled nursing facility–based rehabilitation
programs and include patients with concomitant neurologic disease like
dementia or moderate Parkinson disease or significant medical issues such as
poorly controlled congestive heart failure or pulmonary disease, active cancer,
advanced bilateral lower extremity osteoarthritis, or peripheral vascular disease
in the setting of poor surgical risk.

In summary, rehabilitation plays an increasingly important role during the
first several days following a stroke as a patient becomes medically and
neurologically stable. A variety of rehabilitation professionals will use both
remedial and compensatory strategies to gradually mobilize a patient and help
the neurologist to monitor motor and functional stability and recovery. The
neurologist can avoid detrimental medications that may slow recovery and
should feel confident in advocating for an inpatient rehabilitation facility
evaluation before discharge for patients who cannot return home. At the
conclusion of acute care, about 44% of patients with stroke will be discharged to
some type of inpatient rehabilitation and another 12% will be discharged home
with home care.51 Earlier initiation of transfer to inpatient rehabilitation, when
possible, is likely beneficial.52 In addition, many patients with stroke will
participate in an outpatient rehabilitation program on discharge from acute care
or after an inpatient rehabilitation stay. Although acute stroke care has been far
better developed than post–acute stroke care in the United States,53 patients with
stroke can expect to enter a new phase of treatment and recovery postdischarge
that will potentially last several months and introduce them to new rehabilitation
providers and settings (CASE 11-1).

INPATIENT AND OUTPATIENT REHABILITATION
Perhaps no better manifestation of “health care team” exists than what occurs
during an inpatient rehabilitation facility stay. Lead by a physiatrist (or similarly
qualified physician), a group of up to seven disciplines provides highly
coordinatedmedical, physical, and psychosocial care over 3 to 4 hours of therapy
and 20 to 21 hours of nursing care, 6 days a week for 1 to 3 weeks. Rehabilitation
nursing serves as the glue that holds together the inpatient rehabilitation facility
experience. These nurses, many of whom are certified rehabilitation registered
nurses, have additional training and expertise in recognizing cognitive and
language impairments and in managing and preventing bowel, bladder, and skin
complications. In addition to providing traditional medical nursing, they
integrate ADLs and toileting, transfer, and mobility skills learned during
rehabilitation therapies into the remainder of the day. Physical and occupational
therapists and speech-language pathologists build on the treatments discussed
above in the acute care setting. Greater emphasis is placed on improving activity
endurance, strengthening, and cognitive task demands. Far more time and
emphasis are placed on the treatment of language disorders at an inpatient
rehabilitation facility compared with acute care. Likewise, dysphagia treatment
starts in earnest, including muscle strengthening exercises, peripheral
CONTINUUMJOURNAL.COM 611
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stimulation, and compensatory techniques.54 Nutritionists help track caloric
needs in the setting of potential dysphagia, depression, chronic illness, and other
conditions impacting intake and appetite. Therapeutic recreation provides
structured treatment for cognitive, motor, and language impairments during
social interactions disguised as enjoyable “nonmedical” activities. Screening by
neuropsychologists not only delineates the scope of cognitive deficits, but also
provides guidance for therapists in areas of cognitive weakness for remedial
therapy and strengths to leverage compensatory strategies. Social work assumes
dual roles of logistics for discharge planning and psychological counseling for
patients and their families at, perhaps, one of the most stressful times in
their lives.

The medical philosophy at an inpatient rehabilitation facility is quite different
from the rest of the hospital. Referring and consulting physicians are sometimes
perplexed that procedures and conditions easily accomplished and treated on a
medical floor are challenging at an inpatient rehabilitation facility. Succinctly
put, patients are admitted to an inpatient rehabilitation facility primarily to be
mobilized rather than receive medical care (although a great deal of medical care
is typically provided). Any condition, development, or workup detracting from
that mobilization must be addressed off the unit. If the patient cannot move (ie,
A 65-year-oldman presented to the emergency department with a blood
pressure of 190/140 mm Hg, a severe left hemiparesis, and moderate
dysarthria. He had woken up that morning with left-sided weakness but
decided to “wait it out” until lunch, when his speech began slurring. He
had previously been independent. MRI showed a large right middle
cerebral artery infarction, and he was past the window for thrombolysis.

The patient was admitted for blood pressure control and evaluation. A
swallowing screen performed by a speech-language pathologist
indicated silent aspiration, and amodified dietwith thickened liquidswas
ordered. Physical and occupational therapies were initiated after
24 hours, revealing that moderate assistance was required for dressing,
toileting, transfers, and walking, which was complicated by neglect and
poor safety awareness. Inpatient rehabilitation was recommended and
the patient was transferred to an inpatient rehabilitation facility. At
5 days poststroke, progress was initially limited by shoulder pain,
managed by an occupational therapist with taping, and by depression,
treated by a physiatrist with pharmacotherapy. The speech-language
pathologist focused on exercises to strengthen muscles for both
swallowing and articulation, with good results. Robotics were used to
enhance lower extremity exercise and functional electrical stimulation
was used to enhance upper extremity exercise. After 16 days, the patient
was discharged home from inpatient rehabilitation able to walk with a
cane and supervision and needed assistance only for lower extremity
dressing. He was on a regular diet and liquids and speech intelligibility
was 90%.

The patient initiated an outpatient rehabilitation program 3 days a
week with a speech-language pathologist, physical therapist, and
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attend and participate in rehabilitation therapies), they cannot remain at an
inpatient rehabilitation facility; therefore, in addition to leading the
rehabilitation team, the essential task of the attending physiatrist is to ensure
that patients at the inpatient rehabilitation facility are medically stable
and free of pain and mood disturbances or other issues so that they can
participate in therapy, remain on the unit, and benefit from the rehabilitation
experience.

Most patients will see at least some, if not substantial, functional progress
during a typical 1- to 3-week inpatient rehabilitation facility stay. Patients and
families should understand that rehabilitation admissions are relatively short. In
the United States in 2021, the mean length of stay at inpatient rehabilitation
facilities for patients with stroke was 14.1 days.45 Patients in an inpatient
rehabilitation facility will probably see more progress and independence with
walking and mobility than with ADLs and self-care. An assistive device for
mobility may still be required at discharge (or even hands-on assistance of a
family member), but most patients will be able to get around in their home. In
their 2020 study, Moore and colleagues55 implemented a high-intensity stepping
protocol during inpatient rehabilitation. By increasing the total number of daily
steps by 32% and achieving 70% to 85% of the maximum heart rate, the
occupational therapist, who used transcranial direct current stimulation
in his treatment program. A left ankle-foot orthosis was prescribed to
facilitate walking. Outside of therapy sessions, the patient joined a
walking group to increase cardiovascular fitness. Although the recovery
of his strength was not complete, he was independent in walking without
an assistive device (although slow) and independent in all activities of
daily living (primarily with the right hand using the left hand as an assist).

COMMENTThis case demonstrates several key aspects of stroke rehabilitation and
recovery. Prevention of further disability is illustrated by dysphagia
screening to minimize aspiration pneumonia. Mobilization should be
initiated only after 24 to 48 hours poststroke with safety awareness being a
priority, which is important in discharge planning. All patients with stroke
who cannot return home should be evaluated for an inpatient rehabilitation
facility. Stroke recovery is dependent on exercise, and exercise is an active
process contingent on participation. Pain, mood disorders, and medical
instability are frequently barriers to participation and must be addressed
when they occur. A variety of strategies were used during inpatient and
outpatient rehabilitation to enhance poststroke exercise in his care
including robotics and transcranial direct current stimulation. Although this
patient had an incomplete motor recovery, he did have a nearly complete
functional recovery.
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high-intensity group achieved faster gait speeds and better balance and
endurance at inpatient rehabilitation facility discharge. Likewise, another
2020 study showed increased stepping activity during an inpatient
rehabilitation facility stay led to better outcomes even a year later.56 The
degree of independence achieved in ADLs is more variable and depends on the
severity of impairment, side of weakness, and hand dominance. A reasonable
degree of independence can be expected, with mild weakness in the dominant
arm or any degree of weakness in the nondominant arm. An accurate prediction
is elusive because patterns of proximal and distal weakness, the degree of sensory
deficits, coordination, apraxia, and cognitive and communication status all play a
role in the final level of independence. Gains made during the inpatient
rehabilitation facility stay are predictive of both short-term disability57 and
long-term mortality.58 In about 10% of cases, a patient with stroke will be
discharged from an inpatient rehabilitation facility to a skilled nursing facility.45

Reasons for this include the family being unable to provide care at home or the
patient awaiting return of bowel or bladder continence, needing cognitive
supervision despite good physical recovery, or having a specific physical barrier
at home (eg, bathroom on the second floor or a three-story or four-story walk-up
apartment in urban areas.)

Most patients discharged from an inpatient rehabilitation facility to home will
continue rehabilitation in an outpatient setting. This could include one to three
therapies two to three times a week for a few weeks or a fewmonths. As detailed
in the following section on exercise approaches, this likely represents a gross
underdosing of therapy.59-61 The program will likely continue strengthening and
improvement of fine motor coordination, but cardiovascular conditioning and
high-level balance trainingwill also become a greater focus. Aerobic conditioning
is important not only from a recovery standpoint, but also from a secondary
stroke prevention perspective.62,63 Patients will also be expected to carry out a
home exercise program under the supervision of their therapist. Most outpatient
therapy will be remedial. A long-term challenge for any person with stroke is
actually using their affected extremities, especiallywhen the nondominant upper
extremity is involved. While understandable (ie, using a weak, possibly
insensate, uncoordinated hand can be slow, unsightly, embarrassing, and
frustrating), this barrier of “learned nonuse,” as posited by Taub,64 becomes a
major obstacle to the patient and rehabilitation team. Potential function in an
affected limb lies fallow as a patient gradually “learns” it is easier and more
efficient to use the unaffected limb. The rehabilitation process itself may
inadvertently contribute to learned nonuse if compensation is overly emphasized
relative to remediation.

A variety of other rehabilitation-related events may occur in the outpatient
setting. The use of an ankle-foot orthosis or other brace may occur at this time,
depending on the relative presentation of anterior leg dorsiflexion weakness
versus posterior leg plantarflexion spasticity. Botulinum toxin treatment can be
considered in the latter case.65 For individuals with reasonable cognitive ability
whose mobility has not improved to the point of community ambulation, an
assessment for a scooter or power mobility may be appropriate. In addition to
physiatry, physician referrals to urology for bladder management, psychiatry for
severe depression or anxiety, and orthopedic surgery for upper or lower
extremity tendon releases may be appropriate if there are intractable hygiene
issues or unmet function goals.
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KEY POINTS

● In addition to leading the
rehabilitation team, the
essential task of the
attending physiatrist is to
ensure that patients at the
inpatient rehabilitation
facility are medically stable
and free of pain andmoodor
other issues to the degree
that they can participate in
therapy, remain on the unit,
and benefit from the
rehabilitation experience.

● Most patients discharged
from an inpatient
rehabilitation facility to
home will continue
rehabilitation in an
outpatient setting. This
could include one to three
therapies, two to three
times a week from a few
weeks to a few months,
which likely represents a
gross underdosing of
therapy.

● If the characteristics and
content of exercise
constitute the “science of
stroke rehabilitation,”
equally important must be
the “art of rehabilitation” as
practiced by an outstanding
therapist.

● Significant questions
remain surrounding the ideal
exercise protocol following
stroke, despite numerous
large clinical trials over the
past 2 decades.
EXERCISE-BASED STRATEGIES TO ENHANCE MOTOR RECOVERY
AFTER STROKE
Much of the rehabilitation experience—whether inpatient, outpatient, or at
home—as it relates to motor recovery after acute care discharge revolves around
exercise. Some of the recovery following stroke occurs passively, without
exercise, with the resolution of acute edema and diaschisis and normalization of
cell properties, ion levels, and neurotransmitters in the immediate vicinity of the
infarction.5,66 The physiologic basis of motor recovery resulting from active
exercise is beyond the scope of this discussion66 but includes axonal sprouting,67

long-term potentiation, so-called “hebbian plasticity,”66 unmasking of latent
tracts,5 and cellular proliferation zones.68 In 2019, Maier and colleagues69

outlined 15 principles of neurorehabilitation after stroke (TABLE 11-1). Although
all are important, two principles seem to be the most consistently cited as
defining an effective exercise program following stroke: task-specific exercise
and repetition or mass practice.26,69,70 For a hand to recover, muscles of the hand
specifically must be repeatedly exercised. For walking to improve, the muscles
involved in walking must be exercised extensively. Other important aspects of
exercise after stroke include variability (both within and between sessions),
increasing difficulty, simultaneous sensory stimulation (visual, auditory, haptic),
and explicit feedback on performance.69 If the characteristics and content of
exercise constitute the science of stroke rehabilitation, equally important must be
the art of rehabilitation as practiced by an outstanding therapist. Key is a
therapist’s ability to tailor exercises to individual patients at a level that is
challenging but not overly frustrating; to provide assistance when needed, but
only just enough to finish that repetition; to choose short-term and long-term
goals that progressively achieve the next functional level but not too aggressively
or easily; and to provide constant encouragement and positive feedback.69 This
personalized interaction between patient and rehabilitation therapist is simply
the secret ingredient that may never be fully elucidated or accurately or
consistently replicated in any clinical trial of motor recovery following stroke.

As suggested below, the requirement of active engagement in exercise
following stroke inherently carries a presumption of participation. The
management of this aspect of stroke rehabilitation is overlooked and
underappreciated. In the inpatient setting, medical complications like orthostatic
hypotension, underlying cardiac and pulmonary disease, and preventable
complications like deep venous thrombosis and infections of the lungs and
bladder often limit participation. It falls to the physician on the team to prevent
and treat these conditions. In both the inpatient and outpatient realms, any type
of pain must be diagnosed and treated promptly with a regimen having the least
possible impact on cognition. If depression, anxiety, or poor initiation limit active
participation, motivational techniques, counseling, or medications must be
considered to maximize participation as quickly as possible. Frustration, anger,
inadequate coping skills, and poor adjustment to disability are other factors that
can undermine participation on a given day or over a longer time. Close
communication, coordination, and management among therapists and
physicians is required to identify and minimize the impact on progress.

Exercise Approaches
Regardless of whether the upper2 or lower limb is predominantly affected,70 few
patients with stroke experience a full recovery. Significant questions remain
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TABLE 11-1

Neurorehabilitation Exercise
Principle

Massed practice (repetitive
practice)

Spaced practice

Task-specific practice

Dosage

Goal-oriented practice

Variable practice

Increasing difficulty

Multisensory stimulation
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surrounding the ideal exercise protocol following stroke, despite numerous large
clinical trials over the past 2 decades. As mentioned previously, the AVERT
Trial18 demonstrated that exercise delivered too soon after stroke can be
detrimental. The VECTORS (Very Early Constraint-Induced Movement during
Stroke Rehabilitation) trial71 compared high-intensity constraint-induced motor
therapy to dose-matched constraint-induced motor therapy and usual care in an
inpatient rehabilitation facility setting. While no difference was found between
the usual care and dose-matched constraint-induced motor therapy groups, the
high-intensity constraint-induced motor therapy group had a worse outcome,
demonstrating that more exercise is not always better. The 2021 CPASS (Critical
Period After Stroke Study) provided an additional 20 hours of therapy at three
Fifteen Principles of Neurorehabilitation Exercisea,b

Definition Examples

Exercise episodes with very brief to no
rest breaks; prolonged and repeated use
of the more affected limb

Assuring that an adequate number of
repetitions of a given movement are
implemented over a course of treatment to
achieve a given goal

Training is structured to provide rest
break between repetitions or sessions

The use of objective or subjective
assessments or a predetermined schedule
to provide rest breaks during a therapy
session

Conditions during training should match
the conditions during testing (or
performance)

Aligning an exercise program with the
most-impaired limb or muscle groups, or
with the goal of a specific functional task

Multiple dimensions: number of training
hours per time period, frequency and
duration of training sessions, intensity

Increasing the intensity, frequency, or
complexity of exercises over time to
increase difficulty or variability over time

Motor training to achieve a goal (eg,
combing one’s hair) is more effective
than training the individual muscles
and movements required to complete
the task

Therapists negotiating reasonable and
attainable functional goals for an individual
session or over the course of several
sessions

Providing variable tasks (or intensity)
within (and between) training session(s)

A therapist randomizing the types,
difficulty, and nature of exercise during a
given session and between sessions
over time

Increasing the difficulty of a task in
relationship to the skill of the performer

“Shaping” in constraint-induced motor
therapy; increasing resistance or
repetitions of exercises over time;
integrating individual limb movement into
more complex activities of daily living

The perception and integration of one or
more senses during the performance of
an action

Haptic, visual, and auditory stimuli utilized in
upper extremity robotics and brain-
computer interfaces; use of a mirror to
visualize movement during therapy

CONTINUED ON PAGE 617
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different time periods during the first year after stroke compared with a
control.72 The additional dose delivered 2 to 3 months following stroke yielded
greater gains at 1 year compared with doses delivered earlier than 30 days, after
6 months, or in the control group.

Therefore, the timing of exercise after stroke also matters. Over the past
2 decades, several variations on a standard poststroke exercise program have
been examined. One of the few proven treatments for motor recovery following
stroke is constraint-induced motor therapy. Designed to thwart learned nonuse,64

classic constraint-induced motor therapy forces a huge amount of use in the
affected upper extremity over a short period of time (about 2 weeks). The
EXCITE trial demonstrated that, compared with usual and customary care,
CONTINUED FROM PAGE 616

Neurorehabilitation Exercise
Principle Definition Examples

Rhythmic cueing Synchronizing (training) movements to
rhythmic patterns

Use of a metronome to initiate or increase
speed to a repetitive movement; use of
regular tones to facilitate gait in Parkinson
disease or for persons with stroke on a
treadmill

Explicit feedback or knowledge
of results

Verbal, terminal, or augmented feedback
about goal achievement

A therapist providing detailed feedback to
a participant regarding the quality or
accuracy of a movement or task

Implicit feedback or knowledge
of performance

Verbal descriptions, demonstrations,
or replay of recordings of movement
execution as feedback

Biofeedback; use of sound or visual colors
when an action crosses a minimal
threshold; use of virtual reality technology

Modulate effector selection The tendency to overuse the
nonimpacted extremity while underusing
the impacted extremity

Constraint-induced motor therapy;
overutilizing compensatory over remedial
strategies

Action observation or embodied
practice

Observing the movement of another
individual to improve the participant’s
movement

A therapist demonstrating to a participant a
given action or task prior to actual attempt

Mental practice or mental imagery Mentally simulating actionswithout overt
behavior of the movement

Participant imagining a given movement
prior to or independently of an actual
exercise in therapy

Social interaction Behavior in which the participant’s
actions are both a response to and a
stimulus for the counterpart’s behavior

Friends and family encouraging both
training and the goal of independence;
development of a therapeutic alliance
between a participant and therapist;
recovery in an enriched environment

a Data from Maier M, et al, Front Syst Neurosci.69
b In practice, there is overlap among these 15 principles and research has often not been able to isolate a specific principle for study. Some of the
evidence for these principles was derived from the study of healthy individuals. The schema provides a framework for the description and
understanding of exercise (and experience) after stroke, and other neurologic conditions or injuries.
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constraint-induced motor therapy led to significant gains in the use of the
affected arm in 222 participants 3 to 12 months poststroke and that gains lasted
2 years after the trial.73,74 Despite this, constraint-induced motor therapy is labor
intensive (6 hours a day, 5 days a week, for 2 weeks), expensive, logistically
challenging, and very frustrating for the patient; therefore, modified
constraint-induced motor therapy designs have been proposed75 but not widely
implemented. Among patients with voluntary finger extension, modified
constraint-induced motor therapies initiated about a week poststroke and lasting
5 weeks were beneficial for up to 12 weeks but were not sustained at 26 weeks.76

The ICARE (Interdisciplinary Comprehensive Arm Rehab Evaluation) trial
compared three rehabilitation approaches: a structured, task-oriented, upper
extremity training program of 30 hours over 10 weeks; a dose-matched
occupational therapy program; and monitoring of those among 361 participants
who were a mean of 46 days poststroke with moderate impairment.77 No
significant differences were found in the primary outcome measures among the
three groups.

Recent studies using much higher doses of exercise have reported more
favorable results. The Queen Square program60 provided 90 hours of therapy
over 3 weeks in 224 participants with chronic stroke (median time poststrokewas
18 months) with significant gains in impairment and activity lasting 6 months
after the trial. Combining these data with the less intense therapy provided in the
Rehabilitation Gaming System dataset, Ballester and colleagues61 retrospectively
reported greater Fugl-Meyer Assessment gains with greater intensity
rehabilitation and when initiated earlier following stroke. A 2019 trial by Cramer
and colleagues59 found that among 124 participants who were 4 to 36 weeks
poststroke andwhowere randomly assigned to 36 sessions (70minutes each over
6 to 8 weeks), therapy delivered via telerehabilitation was noninferior to that
delivered in clinic. Collectively, these studies suggest current clinical practice
significantly underdoses upper limb rehabilitation following stroke. Regarding
the lower extremities, the LEAPS (Locomotor Experience Applied Post Stroke)
trial compared 54 hours of body weight–supported treadmill training over 12 to
16 weeks either 2 or 6 months poststroke to standard home physical therapy
2 months poststroke.78 Again, no difference was seen between the three groups
regarding walking speed, motor recovery, balance, or quality of life at 1 year
poststroke. Like the upper extremity, lower extremity and ambulatory strategies
focus on increased stepping (with or without orthotics) and higher exercise
intensities and, possibly, the use of mechanical devices in more severe
impairment (see the following section on robotics).70 Other recent novel
variations on poststroke exercise with favorable initial results include mirror
therapy79 and virtual reality.80

Given the challenges, expense, and logistics of providing ever greater doses of
exercise, identifying strategies to augment the effect of exercise on recovery after
stroke is desirable. This perhaps has been the most active area of research in
stroke recovery, ranging from the acute through the chronic phases. And yet,
what has been broadly consistent since the time of Feeney and colleagues’25

animal drug studies 40 years ago is that active exercise is still the crucial
component and the active ingredient in stroke recovery.With only a few notable
exceptions,81 technologic, mechanical, or biological strategies have been
implemented as an adjunct to active exercise. Categories of strategies to augment
the impact of exercise include pharmacologic enhancement, robotics, functional
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KEY POINTS

● Given the challenges,
expense, and logistics of
providing ever greater doses
of exercise, identifying
strategies to augment the
effect of exercise on
recovery after stroke is
desirable.

● To date no pharmacologic
agents in well-designed
randomized clinical trials
have clearly demonstrated
enhanced motor recovery
after stroke.
electrical stimulation, neuromodulation (invasion and noninvasive), and others,
including regenerative techniques.82

Pharmacologic Approaches
The search for a “magic pill” to cure motor deficits after stroke is appealing but
has remained elusive. The mechanisms by which medications facilitate recovery
could include changes at a physiologic level by enhancing plasticity82 resulting
from exercise or at a behavioral level by facilitating better attention ormotivation
resulting in better participation or enhanced mass practice.24 Among the older
studies, initial reports of dopamine agonists such as amphetamine and levodopa
were encouraging, but subsequent trials failed to replicate the initial results.22,24

In 2019, the large, well-designed randomized clinical trial of co-careldopa
during early rehabilitation (DARS [Dopamine Augmented Rehabilitation in
Stroke]) failed to demonstrate an impact on independent walking or most
secondary outcomes.83 Two small studies reported mixed results with the
acetylcholinesterase inhibitor donepezil.24 Great enthusiasm was generated by
the 2011 FLAME (Fluoxetine for Motor Recovery After Acute Ischaemic Stroke)
trial, which demonstrated impressive upper and lower extremity motor gains
associated with the selective serotonin reuptake inhibitor (SSRI) fluoxetine.84

This optimism has been dispelled over the past few years with the subsequent
publication of three very large clinical trials: AFFINITY (Assessment oF
FluoxetINe In sTroke recoverY),85 EFFECTS (Efficacy oF Fluoxetine-a
randomisEd Controlled Trial in Stroke),86 and FOCUS (Effects of Fluoxetine on
Functional Outcomes After Acute Stroke)87; all three studies failed to
demonstrate a difference between the fluoxetine and placebo groups on themRS
at 6 months and two of the three studies failed at 12 months. Solid criticisms of
these trials include the failure to couple medications with active exercise3 and
reservations in using the mRS as a primary outcome measure.3,88 Finally, a 2020
large randomized clinical trial of S44819 (a γ-aminobutyric acid [GABA] α-5
antagonist) in participants 2 to 6 days poststroke revealed no therapeutic effect
between placebo and two different doses on mRS at 90 days.89 Thus, to date no
pharmacologic agents in well-designed randomized clinical trials have clearly
demonstrated enhanced motor recovery after stroke.

Robotics
Robotics have been implemented in stroke recovery for nearly 2 decades for both
the upper and lower extremities.90 Robots can be either wearable (exoskeletons)
or end effectors (ie, essentially used as a piece of exercise equipment).91 As end
effectors, advantages include a huge increase in the number of repetitions and
better participation by using enjoyable games and visual, auditory, and haptic
stimulation. Some devices also collect objective kinematic data and other
parameters to track progress. On the downside, these devices tend to be very
expensive.90 The clinical data on robotics are underwhelming, with most studies
and meta-analyses finding their efficacy no better than dose-matched usual care.
The 2019 RATULS (Robot Assisted Training for the Upper Limb After Stroke)
trial92 did not find upper extremity robotics treatment better than dose-matched
traditional rehabilitation therapy or usual care. Two other recent upper extremity
robotics clinical trials reported similar findings.93,94 There may be an advantage
to lower extremity robotics in patients with severe stroke.70,91 Clinical data on the
use of exoskeleton devices in stroke are scant, and their roles are unknown at this
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time.95,96 Despite an underwhelming track record, upper and lower extremity
robotics and exoskeletal devices are commonly offered at larger rehabilitation
centers.

Functional Electrical Stimulation
Neuromuscular stimulation uses electricity to facilitate the peripheral
contraction of a paralyzedmuscle that is still innervated, as is the case in an upper
motor neuron lesion like stroke.97 A variety of systems are available
(eg, transcutaneous, percutaneous, and implantable) that have been used to treat
spasticity and muscle atrophy. Some evidence suggests that neuromuscular
stimulation enhances motor recovery, termed a therapeutic effect.7,97,98 More
recently, implantable systems have been used to treat poststroke shoulder pain,
as well.99 Functional electrical stimulation is a subcategory of neuromuscular
stimulation in which the stimulation is manipulated to produce purposeful
muscle movements. Although this can be applied in the arm, functional electrical
stimulation is more often used in the leg to dorsiflex the ankle in the swing phase
of gait to compensate for foot drop after stroke, also known as the training effect
or orthotic effect.7 Compared with an ankle-foot orthosis, lower extremity
functional electrical stimulation may decrease the physiologic cost of gait (based
on resting and working heart rate and walking speed) but does not improve gait
speed.100 A recent meta-analysis found moderate evidence that functional
electrical stimulation results in improvements at an activity level, more so in the
arm than in the leg.101

Neuromodulation
Neuromodulation alters cortical activity in the brain with the goal of augmenting
the effect of exercise to enhance recovery from stroke. Modulation can be either
excitatory or inhibitory, depending on the target, and is more or less spatially
focused, depending on the delivery system.102 The stimulation can be provided
invasively (ie, implanted vagus nerve stimulation [VNS] or epidural stimulation)
or noninvasively (ie, repetitive transcranial magnetic stimulation and
transcranial direct current stimulation). An encouraging clinical trial from 2021
used VNS, a surgically implanted device similar to that used in epilepsy, which
provides a nonlocalized release of neurotransmitters in the central nervous
system.103 Dawson and colleagues103 had therapists use a hand-held device to
activate the VNS device while patients performed active upper extremity
exercise. Among 108 participants about 3 years poststroke, VNS or sham
stimulation was combined with 27 hours of occupational therapy over 6 weeks.
The VNS group was about twice as likely to achieve a clinically meaningful
gain on Fugl-Meyer Assessment and three times as likely to do so on the Wolf
Motor Function Test compared with the control group. Adverse events were
mild and expected. A 2021 meta-analysis, which included the 2021 VNS trial
mentioned above and noninvasive devices, confirmed that VNS is effective for
facilitating recovery of upper extremity function.104 Other invasive options
include epidural stimulation. The 2016 EVEREST trial105 neurosurgically
implanted epidural stimulation arrays over the motor cortex in 94 participants
(mean 5 years poststroke) followed by 6 weeks of therapy. Although no
difference was found in the primary endpoint between the experimental and
control groups, participants who responded to motor stimulation testing at
baseline appeared to do better.
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● Despite an
underwhelming track
record, upper and lower
extremity robotics and
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rehabilitation centers.

● Compared to an
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electrical stimulation may
decrease the physiologic
cost of gait (based on resting
and working heart rate and
walking speed) but does not
improve gait speed.

● The vagus nerve
stimulation group in one trial
was about twice as likely to
achieve a clinically
meaningful gain on the
Fugl-Meyer Assessment and
3 times as likely to improve
on the Wolf Motor Function
Test compared with the
control group.
Repetitive transcranial magnetic stimulation uses a noninvasive, magnetic
field to alter excitability of brain tissue with good spatial accuracy.102 The
technology can be used to either stimulate or inhibit cortical activity, usually
before exercise is introduced. The upper extremity, not the lower extremity, is the
usual target owing to its relatively more superficial and accessible location on the
motor homunculus. In a meta-analysis of studies prior to 2018, He and
colleagues106 found low-frequency repetitive transcranial magnetic stimulation
had a positive effect on motor recovery for grip strength and lower limb as
measured by the Fugl-Meyer Assessment. Not included in that analysis,
however, was the 2018 trial NICHE (Navigated Inhibitory rTMS to
Contralesional Hemisphere Trial).107 In 197 participants 3 to 12 months
poststroke, NICHE failed to demonstrate an upper extremity effect of
low-frequency repetitive transcranial magnetic stimulation administered to the
unaffected cortex prior to 18, 1-hour therapy sessions over 6 weeks. No
differences were found for the Fugl-Meyer Assessment or any secondary
outcome between the repetitive transcranial magnetic stimulation and sham
groups. Conversely, a 2021 systematic review concluded that high-frequency
repetitive transcranial magnetic stimulation to the ipsilateral cortex results in
decreased upper extremity impairment.108 This technology has also been used in
the treatment of aphasia109 and other impairments.102

Transcranial direct current stimulation delivers a small electrical current
(1 mA to 2 mA) through the scalp and skull to the cortex, altering the excitability
of brain tissue.102 As opposed to repetitive transcranial magnetic stimulation,
transcranial direct current stimulation is generally applied during exercise or
activity and has less spatial accuracy. Although transcranial direct current
stimulation is more limited in its ability to penetrate the deeper cerebral
structures, it is technically easier and somewhat safer to use than transcranial
magnetic stimulation and therefore has been somewhat more widely
implemented in a clinical setting. A 2021 meta-analysis found modest evidence
that transcranial direct current stimulation improved ADLs, but not limb
strength, neglect, or cognition,110 and it had variable effects on walking and
ambulation after stroke.111 The results appear to be a bit more promising when
function is used as the outcome of the meta-analysis.112

Miscellaneous Strategies
Several regenerative approaches have been used over the past several years to
enhance stroke recovery,2,81,113 with several trials ongoing.81 All regenerative
approaches remain investigational only. Regenerative cell lines have been
derived from various sources (eg, mesenchymal, hemopoietic) and delivered
intravenously, intraarterially, and intracranially.81 Results have reflected good
safety and emerging evidence of efficacy.114,115 Unlike the other strategies
discussed above, many clinical trials examining stem cells did not include
formal exercise therapy as part of the protocols. The CARS (Cerebrolysin and
Recovery After Stroke) trial was a randomized clinical trial that studied a porcine
neuropeptide, which was started 24 to 72 hours after stroke in 208 participants
and continued daily for 3 weeks along with a standard inpatient rehabilitation
program.116 The CARS trial found a beneficial effect at the impairment and
global outcomes levels with a favorable safely profile. Growth factors have
been examined, with granulocyte colony-stimulating factor perhaps being the
most promising, but with no clear positive results to date.82 Other emerging
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strategies include the use of monoclonal antibodies2 and brain-computer
interfaces.82,90

In summary, the past decade has shed light on a few promising strategies to
enhance motor recovery resulting from exercise following stroke. The
underlying reasons for numerous recent unsuccessful trials in this area have been
eloquently reviewed and discussed by Stinear and colleagues.3 The most
straightforward, but not necessarily the easiest or most practical, strategymay be
simply increasing the dose and intensity of exercise, although this should
probably not be done too soon after stroke. Although constraint-induced motor
therapy has been demonstrated to be effective, the ideal timing and format of
other general exercise strategies that might be widely implemented are yet to be
determined. The strategies with the best data to date are VNS and transcranial
direct current stimulation, with encouraging results on mirror therapy, virtual
reality, and porcine neuropeptide. Results of functional electrical stimulation,
transcranial magnetic stimulation, and robotics are mixed, and little evidence
supports any type of pharmacologic intervention.
CONCLUSION
The practicing neurologist will consult and collaborate with rehabilitation
professionals from the first days through at least the first several months
following a stroke as their patients complete inpatient and outpatient
rehabilitation. Neurologists play an important role in patient advocacy for stroke
recovery, especially during acute care, in minimizing potentially detrimental
medications and arranging inpatient rehabilitation facility evaluation when
appropriate. Understanding the principles of and evidence behind early
mobilization and exercise strategies to facilitate motor recovery and the
philosophy of rehabilitation management will allow the neurologist to reinforce
the importance of patient engagement and participation, ensuring the best
possible recovery, level of independence, and quality of life. Many questions
remain about the rehabilitation process and the best strategies to enhance motor
recovery through exercise following stroke. Defining the optimal nature,
characteristics, intensity, and timing of a patient’s participation in task-specific
and repetitious exercise to maximize motor recovery constitutes the
fundamental challenge of stroke rehabilitation.
REFERENCES

1 Powers WJ, Rabinstein AA, Ackerson T, et al.
Guidelines for the early management of patients
with acute ischemic stroke. In: Update to the
2018 guidelines for the early management of
acute ischemic stroke: a guideline for healthcare
professionals from the American Heart
Association/American Stroke Association.
Stroke. Vol 2019;50(12):e344-e418. doi:10.1161/STR.
0000000000000211

2 Cramer SC. Recovery After Stroke. Continuum
(Minneap Minn) 2020;26(2, Cerebrovascular
Disease):415-434. doi:10.1212/CON.
0000000000000838

3 Stinear CM, Lang CE, Zeiler S, Byblow WD.
Advances and challenges in stroke rehabilitation.
Lancet Neurol 2020;19(4):348-360. doi:10.1016/
S1474-4422(19)30415-6

4 O’Dell MW, Lin CCD, Harrison V. Stroke
rehabilitation: strategies to enhance motor
recovery. Annu Rev Med 2009;60:55-68. doi:
10.1146/annurev.med.60.042707.104248
rican Academy of Neurology. Unauthorized reprodu
APRIL 2023

ction of this article is prohibited.



5 Krucoff MO, Rahimpour S, Slutzky MW, Edgerton
VR, Turner DA. Enhancing nervous system
recovery through neurobiologics, neural
interface training, and neurorehabilitation. Front
Neurosci 2016;10:584. doi:10.3389/fnins.
2016.00584

6 DeLisa J, Currie D, Martin. Rehabilitation
medicine: past, present and future. In:
Rehabilitation medicine: principle and practice.
Lippincott; 1998:3-32.

7 Kluding PM, Dunning K, O’Dell MW, et al. Foot
drop stimulation versus ankle foot orthosis after
stroke: 30-week outcomes. Stroke 2013;44(6):
1660-1669. doi:10.1161/STROKEAHA.111.000334

8 Levin MF, Kleim JA, Wolf SL. What do motor
“recovery” and “compensation”mean in patients
following stroke? Neurorehabil Neural Repair
2009;23(4):313-319. doi:10.1177/1545968308328727

9 International Classification of Functioning,
Disability, and Health (ICF). who.int/standards/
classifications/international-classification-of-
functioning-disability-and-health. Accessed
July 26, 2022.

10 Babyar SR, Peterson MGE, Reding M. Time to
recovery from lateropulsion dependent on key
stroke deficits: a retrospective analysis.
Neurorehabil Neural Repair 2015;29(3):207-213.
doi:10.1177/1545968314541330

11 Maček Z, Kolar M, Tučić M, Mandić M.
Recommendations for physiotherapy
intervention after stroke. Ann Physiother Clin
2020;2(1):1011.

12 Gillen G. Stroke rehabilitation: a function-based
approach. 4th ed. Elsevier, 2015:218-279.

13 Pietsch K, Lyon T, Dhillon VK. Speech language
pathology rehabilitation. Med Clin North Am
2018;102(6):1121-1134. doi:10.1016/j.mcna.
2018.06.010

14 Godecke E, Armstrong E, Rai T, et al. A
randomized control trial of intensive aphasia
therapy after acute stroke: the very early
rehabilitation for speech (VERSE) study. Int J
Stroke Off J Int Stroke Soc 2021;16(5):556-572.
doi:10.1177/1747493020961926

15 Dziewas R, Michou E, Trapl-Grundschober M,
et al. European Stroke Organisation and
European Society for Swallowing Disorders
guideline for the diagnosis and treatment of
post-stroke dysphagia. Eur Stroke J 2021;6(3):
LXXXIX-CXV. doi:10.1177/23969873211039721

16 Sherman V, Greco E, Martino R. The benefit of
dysphagia screening in adult patients with
stroke: a meta-analysis. J Am Heart Assoc 2021;
10(12):e018753. doi:10.1161/JAHA.120.018753

17 Stein J, Rodstein BM, Levine SR, et al. Which road
to recovery?: factors influencing postacute
stroke discharge destinations: a Delphi study.
Stroke 2022;53(3):947-955. doi:10.1161/
STROKEAHA.121.034815

18 Bernhardt J, Langhorne P, Lindley R, et al.
Efficacy and safety of very early mobilisation
within 24 h of stroke onset (AVERT): a
randomised controlled trial. The Lancet 2015;
386(9988):46-55. doi:10.1016/S0140-6736(15)
60690-0

19 Bernhardt J, Godecke E, Johnson L, Langhorne P.
Early rehabilitation after stroke. Curr Opin Neurol
2017;30(1):48-54. doi:10.1097/WCO.
0000000000000404

20 Rethnam V, Hayward KS, Bernhardt J, Churilov L.
Early mobilization after stroke: do clinical
practice guidelines support clinicians’ decision-
making? Front Neurol 2021;12:606525. doi:
10.3389/fneur.2021.606525

21 Yelnik AP, Quintaine V, Andriantsifanetra C, et al.
AMOBES (Active Mobility Very Early After
Stroke): a randomized controlled trial. Stroke
2017;48(2):400-405. doi:10.1161/
STROKEAHA.116.014803

22 Abe H, Jitsuki S, Takahashi T. Pharmacological
enhancement of stroke rehabilitation. Stroke
2019;50(11):3323-3329. doi:10.1161/
STROKEAHA.119.023720

23 Firth N, Barker RN, Hayward KS, et al. Safety and
efficacy of recovery-promoting drugs for motor
function after stroke: a systematic review of
randomized controlled trials. J Rehabil Med 2019;
51(5):319-330. doi:10.2340/16501977-2536

24 Viale L, Catoira NP, Di Girolamo G, González CD.
Pharmacotherapy and motor recovery after
stroke. Expert Rev Neurother 2018;18(1):65-82.
doi:10.1080/14737175.2018.1400910

25 Feeney DM, Gonzalez A, Law WA. Amphetamine,
haloperidol, and experience interact to affect
rate of recovery after motor cortex injury.
Science 1982;217(4562):855-857. doi:10.1126/
science.7100929

26 Belagaje SR. Stroke Rehabilitation. Continuum
(Minneap Minn) 2017;23(1, Cerebrovascular
Disease):238-253. doi:10.1212/CON.
0000000000000423

27 Troisi E, Paolucci S, Silvestrini M, et al. Prognostic
factors in stroke rehabilitation: the possible role
of pharmacological treatment. Acta Neurol
Scand 2002;105(2):100-106. doi:10.1034/j.1600-
0404.2002.1o052.x

28 Goldstein LB, Matchar DB, Morgenlander JC,
Davis JN. Influence of drugs on the recovery of
sensorimotor function after stroke. J Neurol
Rehabil 1990;4(3):137-144. doi:
10.1177/136140969000400303

29 Goldstein LB. Potential effects of common drugs
on stroke recovery. Arch Neurol 1998;55(4):
454-456. doi:10.1001/archneur.55.4.454

30 Schallert T, Hernandez TD, Barth TM. Recovery of
function after brain damage: severe and chronic
disruption by diazepam. Brain Res 1986;379(1):
104-111. doi:10.1016/0006-8993(86)90261-1
CONTINUUMJOURNAL.COM

Copyright © American Academy o
623

f Neurology. Unauthorized reproduction of this article is prohibited.

https://who.int/standards/classifications/international-classification-of-functioning-disability-and-health
https://who.int/standards/classifications/international-classification-of-functioning-disability-and-health
https://who.int/standards/classifications/international-classification-of-functioning-disability-and-health


STROKE REHABILITATION AND MOTOR RECOVERY

624

Copyright © Ame
31 Dikmen SS, Temkin NR, Miller B, Machamer J,
Winn HR. Neurobehavioral effects of phenytoin
prophylaxis of posttraumatic seizures. JAMA
1991;265(10):1271-1277. PMID: 1995974

32 Brailowsky S, Knight RT, Efron R. Phenytoin
increases the severity of cortical hemiplegia in
rats. Brain Res 1986;376(1):71-77. doi:10.1016/
0006-8993(86)90900-5

33 Selles RW, Andrinopoulou ER, Nijland RH, et al.
Computerised patient-specific prediction of the
recovery profile of upper limb capacity within
stroke services: the next step [published online
January 21, 2021]. J Neurol Neurosurg Psychiatry
2021;0:1-8. doi:10.1136/jnnp-2020-324637

34 Ballester BR, MaierM, Duff A, et al. A critical time
window for recovery extends beyond one-year
post-stroke. J Neurophysiol 2019;122(1):350-357.
doi:10.1152/jn.00762.2018

35 O’DellMW, Jaywant A, FrantzM, et al. Changes in
the activitymeasure for post-acute care domains
in persons with stroke during the first year after
discharge from inpatient rehabilitation. Arch
Phys Med Rehabil 2021;102(4):645-655. doi:10.
1016/j.apmr.2020.11.020

36 Rosso C, Lamy JC. Prediction of motor recovery
after stroke: being pragmatic or innovative? Curr
Opin Neurol 2020;33(4):482-487. doi:10.1097/
WCO.0000000000000843

37 Stinear CM, Smith MC, Byblow WD. Prediction
tools for stroke rehabilitation. Stroke 2019;50(11):
3314-3322. doi:10.1161/STROKEAHA.119.025696

38 StinearCM, Barber PA, PetoeM, Anwar S, Byblow
WD. The PREP algorithm predicts potential for
upper limb recovery after stroke. Brain J Neurol
2012;135(Pt 8):2527-2535. doi:10.1093/brain/
aws146

39 Krakauer JW, Marshall RS. The proportional
recovery rule for stroke revisited. Ann Neurol
2015;78(6):845-847. doi:10.1002/ana.24537

40 Lin DJ, Cloutier AM, Erler KS, et al. Corticospinal
tract injury estimated from acute stroke imaging
predicts upper extremity motor recovery after
stroke. Stroke 2019;50(12):3569-3577. doi:10.1161/
STROKEAHA.119.025898

41 Bowman H, Bonkhoff A, Hope T, Grefkes C, Price
C. Inflated estimates of proportional recovery
from stroke: the dangers of mathematical
coupling and compression to ceiling. Stroke 2021;
52(5):1915-1920. doi:10.1161/STROKEAHA.
120.033031

42 Hawe RL, Scott SH, Dukelow SP. Taking
proportional out of stroke recovery. Stroke 2019;
50(1):204-211. doi:10.1161/STROKEAHA.118.023006

43 Grefkes C, Fink GR. Recovery from stroke:
current concepts and future perspectives.
Neurol Res Pract 2020;2:17. doi:10.1186/s42466-
020-00060-6

44 Lin C, Martin K, Arevalo YA, Harvey RL,
Prabhakaran S. Association of proportional
recovery after stroke with health-related quality
of life. Stroke 2021;52(9):2968-2971. doi:10.1161/
STROKEAHA.120.033672

45 UDSMR. Uniform Data System for Medical
Rehabilitation. Published March 3, 2022.
Accessed February 1, 2023. https://www.udsmr.
org/documents/newsletters/UDSMR-News-
2022-03-03.html

46 Hong I, Goodwin JS, Reistetter TA, et al.
Comparison of functional status improvements
among patients with stroke receiving postacute
care in inpatient rehabilitation vs skilled nursing
facilities. JAMA Netw Open 2019;2(12):e1916646.
doi:10.1001/jamanetworkopen.2019.16646

47 Kim Y, Thirukumaran C, Temkin-Greener H, et al.
Institutional postacute care use may help reduce
readmissions for ischemic stroke patients. Med
Care 2021;59(8):736-742. doi:10.1097/MLR.
0000000000001568

48 Langhorne P, Ramachandra S, Stroke Unit
Trialists’ Collaboration. Organised inpatient
(stroke unit) care for stroke: network meta-
analysis. Cochrane Database Syst Rev 2020;4:
CD000197. doi:10.1002/14651858.CD000197.pub4

49 Foley N, Salter K, Teasell R. Specialized stroke
services: a meta-analysis comparing three
models of care. Cerebrovasc Dis Basel Switz
2007;23(2-3):194-202. doi:10.1159/000097641

50 Winstein CJ, Stein J, Arena R, et al. Guidelines for
adult stroke rehabilitation and recovery: a
guideline for healthcare professionals from the
American Heart Association/American Stroke
Association. Stroke 2016;47(6):e98-e169. doi:10.
1161/STR.0000000000000098

51 Stein J, Katz DI, Black Schaffer RM, et al. Clinical
performance measures for stroke rehabilitation:
performancemeasures from the American Heart
Association/American Stroke Association. Stroke
2021;52(10):e675-e700. doi:10.1161/STR.
0000000000000388

52 Wang H, Camicia M, DiVita M, Mix J, Niewczyk P.
Early inpatient rehabilitation admission and
stroke patient outcomes. Am J PhysMed Rehabil
2015;94(2):85-96; quiz 97-100. doi:10.1097/
PHM.0000000000000226

53 Duncan PW, Bushnell C, Sissine M, et al.
Comprehensive stroke care and outcomes: time
for a paradigm shift. Stroke 2021;52(1):385-393.
doi:10.1161/STROKEAHA.120.029678

54 Jones CA, Colletti CM, Ding MC. Post-stroke
dysphagia: recent insights and unanswered
questions. Curr Neurol Neurosci Rep 2020;20(12):
61. doi:10.1007/s11910-020-01081-z

55 Moore JL, Nordvik JE, Erichsen A, et al.
Implementation of high-intensity stepping
training during inpatient stroke rehabilitation
improves functional outcomes. Stroke 2020;
51(2):563-570. doi:10.1161/STROKEAHA.119.027450
rican Academy of Neurology. Unauthorized reprodu
APRIL 2023

ction of this article is prohibited.

https://www.udsmr.org/documents/newsletters/UDSMR-News-2022-03-03.html
https://www.udsmr.org/documents/newsletters/UDSMR-News-2022-03-03.html
https://www.udsmr.org/documents/newsletters/UDSMR-News-2022-03-03.html


56 Klassen TD, Dukelow SP, Bayley MT, et al. Higher
doses improve walking recovery during stroke
inpatient rehabilitation. Stroke 2020;51(9):
2639-2648. doi:10.1161/STROKEAHA.120.029245

57 Minor M, Jaywant A, Toglia J, Campo M, O’Dell
MW. Discharge rehabilitation measures predict
activity limitations in patients with stroke
6months after inpatient rehabilitation. Am J Phys
Med Rehabil 2022;101(8):761-767. doi:10.1097/
PHM.0000000000001908

58 Scrutinio D, Monitillo V, Guida P, et al. Functional
gain after inpatient stroke rehabilitation:
correlates and impact on long-term survival.
Stroke 2015;46(10):2976-2980. doi:10.1161/
STROKEAHA.115.010440

59 Cramer SC, Dodakian L, Le V, et al. Efficacy of
home-based telerehabilitation vs in-clinic
therapy for adults after stroke: a randomized
clinical trial. JAMA Neurol 2019;76(9):1079-1087.
doi:10.1001/jamaneurol.2019.1604

60Ward NS, Brander F, Kelly K. Intensive upper limb
neurorehabilitation in chronic stroke: outcomes
from the Queen Square programme. J Neurol
Neurosurg Psychiatry 2019;90(5):498-506. doi:
10.1136/jnnp-2018-319954

61 Ballester BR, Ward NS, Brander F, et al.
Relationship between intensity and recovery in
post-stroke rehabilitation: a retrospective
analysis. J Neurol Neurosurg Psychiatry 2022;
93(2):226-228. doi:10.1136/jnnp-2021-326948

62 Moncion K, Biasin L, Jagroop D, et al. Barriers and
facilitators to aerobic exercise implementation in
stroke rehabilitation: a scoping review. J Neurol
Phys Ther JNPT 2020;44(3):179-187. doi:10.1097/
NPT.0000000000000318

63 Billinger SA, Arena R, Bernhardt J, et al. Physical
activity and exercise recommendations for
stroke survivors: a statement for healthcare
professionals from the American Heart
Association/American Stroke Association. Stroke
2014;45(8):2532-2553. doi:10.1161/STR.
0000000000000022

64 Taub E. The behavior-analytic origins of
constraint-induced movement therapy: an
example of behavioral neurorehabilitation. Behav
Anal 2012;35(2):155-178. doi:10.1007/BF03392276

65 Esquenazi A, Brashear A, Deltombe T, et al. The
effect of repeated abobotulinumtoxinA
(Dysport®) injections on walking velocity in
persons with spastic hemiparesis caused by
stroke or traumatic brain injury. PM R 2021;13(5):
488-495. doi:10.1002/pmrj.12459

66 Murphy TH, Corbett D. Plasticity during stroke
recovery: from synapse to behaviour. Nat Rev
Neurosci 2009;10(12):861-872. doi:10.1038/
nrn2735

67 Carmichael ST, Kathirvelu B, Schweppe CA, Nie
EH. Molecular, cellular and functional events in
axonal sprouting after stroke. Exp Neurol 2017;
287(Pt 3):384-394. doi:10.1016/j.expneurol.
2016.02.007

68 Fuchs E, Flügge G. Adult neuroplasticity: more
than 40 years of research. Neural Plast 2014;2014:
541870. doi:10.1155/2014/541870

69 Maier M, Ballester BR, Verschure PFMJ.
Principles of neurorehabilitation after stroke
based on motor learning and brain plasticity
mechanisms. Front Syst Neurosci 2019;13:74.
doi:10.3389/fnsys.2019.00074

70 Hornby TG, Moore JL, Lovell L, Roth EJ. Influence
of skill and exercise training parameters on
locomotor recovery during stroke rehabilitation.
Curr Opin Neurol 2016;29(6):677-683. doi:10.1097/
WCO.0000000000000397

71 Dromerick AW, Lang CE, Birkenmeier RL, et al.
Very early constraint-induced movement during
stroke rehabilitation (VECTORS): a single-center
RCT. Neurology 2009;73(3):195-201. doi:10.1212/
WNL.0b013e3181ab2b27

72 Dromerick AW, Geed S, Barth J, et al. Critical
period after stroke study (CPASS): aphase II
clinical trial testing an optimal time for motor
recovery after stroke in humans. Proc Natl Acad
Sci U S A 2021;118(39):e2026676118. doi:10.1073/
pnas.2026676118

73 Wolf SL, Winstein CJ, Miller JP, et al. Effect of
constraint-induced movement therapy on upper
extremity function 3 to 9months after stroke: the
EXCITE randomized clinical trial. JAMA 2006;
296(17):2095-2104. doi:10.1001/jama.296.17.2095

74 Wolf SL, Winstein CJ, Miller JP, et al. Retention of
upper limb function in stroke survivors who have
received constraint-induced movement therapy:
the EXCITE randomised trial. Lancet Neurol 2008;
7(1):33-40. doi:10.1016/S1474-4422(07)70294-6

75 Doussoulin A, Rivas C, Rivas R, Saiz J. Effects of
modified constraint-induced movement therapy
in the recovery of upper extremity function
affected by a stroke: a single-blind randomized
parallel trial-comparing group versus individual
intervention. Int J Rehabil Res 2018;41(1):35-40.
doi:10.1097/MRR.0000000000000257

76 Kwakkel G, Winters C, van Wegen EEH, et al.
Effects of unilateral upper limb training in two
distinct prognostic groups early after stroke:
the EXPLICIT-stroke randomized clinical trial.
Neurorehabil Neural Repair 2016;30(9):804-816.
doi:10.1177/1545968315624784

77 Winstein CJ, Wolf SL, Dromerick AW, et al. Effect
of a task-oriented rehabilitation program on
upper extremity recovery following motor
stroke: the ICARE randomized clinical trial. JAMA
2016;315(6):571-581. doi:10.1001/jama.2016.0276

78 Duncan PW, Sullivan KJ, Behrman AL, et al.
Body-weight-supported treadmill rehabilitation
after stroke. N Engl JMed 2011;364(21):2026-2036.
doi:10.1056/NEJMoa1010790

79 Thieme H, Morkisch N, Mehrholz J, et al.
Mirror therapy for improving motor function
after stroke. Cochrane Database Syst Rev
2018;7:CD008449. doi:10.1002/14651858.
CD008449.pub3
CONTINUUMJOURNAL.COM

Copyright © American Academy o
625

f Neurology. Unauthorized reproduction of this article is prohibited.



STROKE REHABILITATION AND MOTOR RECOVERY

626

Copyright © Ame
80 Fang Z, Wu T, LvM, et al. Effect of traditional plus
virtual reality rehabilitation on prognosis of
stroke survivors: a systematic review and
meta-analysis of randomized controlled trials.
Am J Phys Med Rehabil 2022;101(3):217-228.
doi:10.1097/PHM.0000000000001775

81 Kondziolka D. Stem cell treatment for ischemic
stroke recovery. Semin Neurol 2021;41(1):101-106.
doi:10.1055/s-0040-1722640

82 Sommer CJ, Schäbitz WR. Principles and
requirements for stroke recovery science.
J Cereb Blood Flow Metab 2021;41(3):471-485.
doi:10.1177/0271678X20970048

83 Ford GA, Bhakta BB, Cozens A, et al. Safety and
efficacy of co-careldopa as an add-on therapy
to occupational and physical therapy in patients
after stroke (DARS): a randomised, double-blind,
placebo-controlled trial. Lancet Neurol 2019;
18(6):530-538. doi:10.1016/S1474-4422(19)30147-4

84 Chollet F, Tardy J, Albucher JF, et al. Fluoxetine
for motor recovery after acute ischaemic stroke
(FLAME): a randomised placebo-controlled trial.
Lancet Neurol 2011;10(2):123-130. doi:10.1016/
S1474-4422(10)70314-8

85 AFFINITY Trial Collaboration. Safety and efficacy
of fluoxetine on functional outcome after acute
stroke (AFFINITY): a randomised, double-blind,
placebo-controlled trial. Lancet Neurol 2020;
19(8):651-660. doi:10.1016/S1474-4422(20)30207-6

86 EFFECTS Trial Collaboration. Safety and efficacy
of fluoxetine on functional recovery after acute
stroke (EFFECTS): a randomised, double-blind,
placebo-controlled trial. Lancet Neurol 2020;
19(8):661-669. doi:10.1016/S1474-4422(20)30219-2

87 FOCUS Trial Collaboration. Effects of fluoxetine
on functional outcomes after acute stroke
(FOCUS): a pragmatic, double-blind, randomised,
controlled trial. Lancet Lond Engl 2019;393(10168):
265-274. doi:10.1016/S0140-6736(18)32823-X

88 Cramer SC, Le V, Saver JL, et al. Intense arm
rehabilitation therapy improves the modified
Rankin scale score: association between gains in
impairment and function. Neurology 2021;96(14):
e1812-1822. doi:10.1212/WNL.0000000000011667

89 Chabriat H, Bassetti CL, Marx U, et al. Safety and
efficacy of GABAA α5 antagonist S44819 in
patients with ischaemic stroke: a multicentre,
double-blind, randomised, placebo-controlled
trial. Lancet Neurol 2020;19(3):226-233.
doi:10.1016/S1474-4422(20)30004-1

90 Boninger ML, Wechsler LR, Stein J. Robotics,
stem cells, and brain-computer interfaces in
rehabilitation and recovery from stroke: updates
and advances. Am J Phys Med Rehabil 2014;
93(11 Suppl 3):S145-154. doi:10.1097/PHM.
0000000000000128

91 Lo K, Stephenson M, Lockwood C. Effectiveness
of robotic assisted rehabilitation for mobility
and functional ability in adult stroke patients: a
systematic review. JBI Database Syst Rev
Implement Rep 2017;15(12):3049-3091.
doi:10.11124/JBISRIR-2017-003456

92 Rodgers H, Bosomworth H, Krebs HI, et al. Robot
assisted training for the upper limb after stroke
(RATULS): a multicentre randomised controlled
trial. Lancet Lond Engl 2019;394(10192):51-62.
doi:10.1016/S0140-6736(19)31055-4

93 Aprile I, Germanotta M, Cruciani A, et al. Upper
limb robotic rehabilitation after stroke: a
multicenter, randomized clinical trial. J Neurol
Phys Ther JNPT 2020;44(1):3-14. doi:10.1097/
NPT.0000000000000295

94 Rémy-Néris O, Le Jeannic A, Dion A, et al.
Additional, mechanized upper limb
self-rehabilitation in patients with subacute
stroke: the REM-AVC randomized trial. Stroke
2021;52(6):1938-1947. doi:10.1161/STROKEAHA.
120.032545

95 Swank C, Trammell M, Bennett M, et al. The
utilization of an overground robotic exoskeleton
for gait training during inpatient rehabilitation-
single-center retrospective findings. Int J Rehabil
Res 2020;43(3):206-213. doi:10.1097/MRR.
0000000000000409

96 Jayaraman A, O’Brien MK, Madhavan S, et al.
Stride management assist exoskeleton vs
functional gait training in stroke: A randomized
trial. Neurology 2019;92(3):e263-273. doi:10.1212/
WNL.0000000000006782

97 Marquez-Chin C, Popovic MR. Functional
electrical stimulation therapy for restoration of
motor function after spinal cord injury and
stroke: a review. Biomed EngOnline 2020;19(1):34.
doi:10.1186/s12938-020-00773-4

98 Kapadia N, Moineau B, Popovic MR. Functional
electrical stimulation therapy for retraining
reaching and grasping after spinal cord injury and
stroke. Front Neurosci 2020;14:718. doi:10.3389/
fnins.2020.00718

99 McRoberts WP, Wolkowitz R, Meyer DJ, et al.
Peripheral nerve field stimulation for the
management of localized chronic intractable
back pain: results from a randomized controlled
study. Neuromodulation 2013;16(6):565-574;
discussion 574-575. doi:10.1111/ner.12055

100 Dunning K, O’Dell MW, Kluding P, McBride K.
Peroneal stimulation for foot drop after stroke: a
systematic review. Am J Phys Med Rehabil 2015;
94(8):649-664. doi:10.1097/PHM.
0000000000000308

101 Howlett OA, Lannin NA, Ada L, McKinstry C.
Functional electrical stimulation improves
activity after stroke: a systematic review with
meta-analysis. Arch PhysMed Rehabil 2015;96(5):
934-943. doi:10.1016/j.apmr.2015.01.013

102 Dukelow S, Kirton A. Enhancing stroke recovery
across the life span with noninvasive
neurostimulation. J Clin Neurophysiol 2020;37(2):
150-163. doi:10.1097/WNP.0000000000000543
rican Academy of Neurology. Unauthorized reprodu
APRIL 2023

ction of this article is prohibited.



1

1

1

1

1

1

03 Dawson J, Liu CY, FranciscoGE, et al. Vagus nerve
stimulation paired with rehabilitation for upper
limb motor function after ischaemic stroke
(VNS-REHAB): a randomised, blinded, pivotal,
device trial. Lancet Lond Engl 2021;397(10284):
1545-1553. doi:10.1016/S0140-6736(21)00475-X

04 Zhao K, Yang J, Huang J, Zhao Z, Qu Y. Effect of
vagus nerve stimulation pairedwith rehabilitation
for upper limb function improvement after
stroke: a systematic review and meta-analysis of
randomized controlled trials. Int J Rehabil Res
2022;45(2):99-108. doi:10.1097/MRR.
0000000000000509

05 Levy RM, Harvey RL, Kissela BM, et al. Epidural
electrical stimulation for stroke rehabilitation:
results of the prospective, multicenter,
randomized, single-blinded Everest trial.
Neurorehabil Neural Repair 2016;30(2):107-119.
doi:10.1177/1545968315575613

06 He Y, Li K, Chen Q, Yin J, Bai D. Repetitive
transcranial magnetic stimulation on motor
recovery for patients with stroke: a PRISMA
compliant systematic review and meta-analysis.
Am J Phys Med Rehabil 2020;99(2):99-108.
doi:10.1097/PHM.0000000000001277

07 Harvey RL, Edwards D, Dunning K, et al.
Randomized sham-controlled trial of navigated
repetitive transcranial magnetic stimulation for
motor recovery in stroke. Stroke 2018;49(9):
2138-2146. doi:10.1161/STROKEAHA.117.020607

08 Vabalaite B, Petruseviciene L, Savickas R, et al.
Effects of high-frequency (HF) repetitive
transcranial magnetic stimulation (rTMS) on
upper extremity motor function in stroke
patients: a systematic review. Medicina (Mex)
2021;57(11):1215. doi:10.3390/medicina57111215

109 Zhang J, Zhong D, Xiao X, et al. Effects of
repetitive transcranial magnetic stimulation
(rTMS) on aphasia in stroke patients: A
systematic review and meta-analysis. Clin
Rehabil 2021;35(8):1103-1116. doi:10.1177/
0269215521999554

110 Elsner B, Kugler J, Pohl M, Mehrholz J.
Transcranial direct current stimulation for
activities after stroke. Stroke 2021;52(7):
e358-359. doi:10.1161/STROKEAHA.120.033757

111 Tien HH, Liu WY, Chen YL, Wu YC, Lien HY.
Transcranial direct current stimulation for
improving ambulation after stroke: a systematic
review and meta-analysis. Int J Rehabil Res
2020;43(4):299-309. doi:10.1097/MRR.
0000000000000427

112 Bornheim S, Thibaut A, Beaudart C, et al.
Evaluating the effects of tDCS in stroke patients
using functional outcomes: a systematic
review. Disabil Rehabil 2022;44(1):13-23.
doi:10.1080/09638288.2020.1759703

113 Borlongan CV. Concise review: stem cell therapy
for stroke patients: are we there yet? Stem Cells
Transl Med 2019;8(9):983-988. doi:10.1002/
sctm.19-0076

114 Steinberg GK, Kondziolka D, Wechsler LR, et al.
Clinical outcomes of transplanted modified
bone marrow-derived mesenchymal stem cells
in stroke: A Phase 1/2a Study. Stroke 2016;47(7):
1817-1824. doi:10.1161/STROKEAHA.116.012995

115 Levy ML, Crawford JR, Dib N, et al. Phase I/II
study of safety and preliminary wfficacy of
intravenous allogeneic mesenchymal stem cells
in chronic stroke. Stroke 2019;50(10):2835-2841.
doi:10.1161/STROKEAHA.119.026318

116 Muresanu DF, Heiss WD, Hoemberg V, et al.
Cerebrolysin and recovery after stroke (CARS): a
randomized, placebo-controlled, double-blind,
multicenter trial. Stroke 2016;47(1):151-159.
doi:10.1161/STROKEAHA.115.009416
CONTINUUMJOURNAL.COM

Copyright © American Academy o
627

f Neurology. Unauthorized reproduction of this article is prohibited.


