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INTRODUCTION

Current doses and intensities of poststroke rehabilita-
tion therapy provided as usual care are paltry compared
to the magnitudes needed to drive large behaviorally
relevant reductions in neurologic impairments. There
is convergent evidence indicating that high-dose, high-
intensity rehabilitation is effective for improving out-
comes after stroke with large effect sizes compared
to usual care. Here, we highlight some of this evidence
(focusing on studies of upper extremity motor rehabilita-
tion) and then ask the simple question—why are we not
delivering high doses and intensities of rehabilitation in
clinical practice? We contend that reasons for the lack
of implementation of high-dose, high-intensity rehabili-
tation have to do with questionable conceptual, ideologi-
cal, and economic assumptions. In addition, there are
practical challenges, which we argue can be overcome
with technology. Current practice (we refer primarily to
the context of US health care) in stroke rehabilitation is
itself built on very little evidence, indeed considerably
less than the cumulative evidence indicating that high-
dose, high-intensity rehabilitation would be more effec-
tive. Our hope is that this perspective will help persuade
multiple stakeholders (neurologists, physiatrists, thera-
pists, researchers, patients, policymakers, and insurance
companies) to advocate for higher doses and intensities
of rehabilitation. There is certainly more research to be
done on new ways to deliver high-dose, high-intensity
neurorehabilitation, as well as zeroing in on its best tim-
ing and dosing and how to best combine it with drugs
and physiological stimulation. In the meantime, our view

is that a large body of convergent evidence already justi-
fies seeking to incorporate higher doses and intensities
of therapy into current clinical practice as the new stan-
dard of care.

WHY IS HIGH DOSE, HIGH INTENSITY
REHABILITATION NEEDED NOW?

Despite impressive advances in acute stroke therapy,
stroke remains an enormous cause of worldwide dis-
ability. The health and economic impacts of the disease
are staggering, and the resulting disability crisis is only
projected to increase in the coming years.'? In contrast
to acute stroke therapy, advances and clinical translation
in stroke rehabilitation have been much slower. Indeed,
neurorehabilitation is at a critical impasse. On the one
hand, research is steadily accumulating evidence that
high-dose, high-intensity rehabilitation—delivered either
by increasing the hours of regular occupational, physi-
cal, or speech therapy or by using novel, technologically
driven approaches—is effective for improving outcomes
with large effect sizes compared with usual care.®® On
the other hand, the incorporation of high-dose, high-
intensity rehabilitation into clinical practice has been
frustratingly slow.® The reasons for limited implemen-
tation of high-dose, high-intensity neurorehabilitation
despite convincing research findings are myriad and
include problematic conceptual, ideological, and eco-
nomic assumptions. The conceptual (mis)assumption is
the failure to appreciate the capacity for continued and
meaningful recovery, even in chronic phases of stroke,
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if substantially high doses and intensities of rehabilita-
tion are provided.”® The ideological (mis)assumption is
that behavioral interventions will always be a suboptimal
stopgap until either magic-bullet drugs or technologi-
cal innovations come along that leapfrog over the need
for time-consuming behavioral protocols. The economic
(mis)assumption is that more rehabilitation necessar-
ily implies more money spent.’® Current reimbursement
in the United States for stroke rehabilitation is fee-for-
service, and, as a result, insurance status significantly
impacts access to rehabilitation services."" This upfront
cost way of thinking ignores the potential cost savings
that result from better rehabilitation outcomes, for exam-
ple, through reduced rehospitalization rates, less depen-
dence on home health, decreased caregiver burden, and
increased return to work."?

Our central thesis is that the evidence for high-dose,
high-intensity rehabilitation improving outcomes after
stroke is substantial, and thus, given the tremendous
societal burden of stroke-related disability, there is an
urgent need to address ways to deliver it. Our intent is
not a meta-analysis or systematic review, but rather to
discuss conceptual issues and highlight studies that
report successful delivery of high doses and intensities
of rehabilitation. Our focus is on arm and hand motor
impairments and their rehabilitation. Given the concep-
tual emphasis of this article, we expect that the ideas
presented will generalize to other stroke-related impair-
ments (ie, gait, language, and cognition). The focus is
on stroke rehabilitation in the United States; comparing
stroke rehabilitation systems across different counties is
beyond our scope, but we also cite selected studies from
outside the United States.

WHAT ARE DOSE AND INTENSITY IN THE
CONTEXT OF REHABILITATION?

How does one specify the dose and intensity of poststroke
rehabilitation? There are many reasonable approaches to
doing s0."”*' In this perspective, we define dose as the
number of hours of rehabilitation delivered, and intensity
as the time period (ie, weeks) over which these hours
are delivered. Thus, the dose and content of a poststroke
rehabilitation program are defined by X hours of task-
oriented practice or impairment-oriented therapy deliv-
ered over Y weeks. We acknowledge that this does not
fully account for the content delivered during rehabilita-
tion sessions (ie, time moving versus resting, the types
and numbers of the movements practiced, or degree
of the challenge presented). We also acknowledge that
systematic frameworks for defining and quantifying
dose, intensity, and content in stroke rehabilitation®54-16
are critical to advancing both research trials and clinical
care (metrics such as time on task during sessions will
be valuable for prescribing clinicians). Emerging technol-
ogy such as wearable sensors combined with machine
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learning approaches will undoubtedly aid the classifica-
tion and quantification of upper extremity movement.''®

WHAT DOSES AND INTENSITIES OF
POSTSTROKE REHABILITATION ARE
CURRENTLY BEING DELIVERED IN
CLINICAL PRACTICE?

In the United States, patients admitted to inpatient reha-
bilitation facilities after stroke are mandated to receive a
minimum number of hours of rehabilitation therapy (gen-
erally 3 hours per day for 5 d/wk, often divided as 1 hour
each of physical, occupational, and speech therapy).'®%°
Access to these facilities, offering even this low amount
of rehabilitation, varies widely based on social, racial, eth-
nic, and geographic factors.?'?? In a study of Medicare
claims between 2010 and 2013, 59% of patients did
not see an occupational or physical therapist in the first
month poststroke.?® At 3 months after stroke, one recent
study showed that 35% of patients with stroke receive
no physical therapy, 48.8% no occupational therapy, and
61.7% no speech therapy; 1 in 3 patients do not receive
any form of rehabilitation.?* Although data on the nature
and severity of deficits were not available in these stud-
ies, those who saw rehabilitation therapists were less
likely to be readmitted to the hospital.?® Furthermore, the
length of stay for stroke patients at inpatient rehabilita-
tion facilities is short (on average 15 days)® and driven
by insurance reimbursement. Even when rehabilitation
therapy after stroke is prescribed, doses and intensities
received by patients are strikingly low. One classic obser-
vational study found that the average number of active
upper limb movements per stroke rehabilitation therapy
session was 32.2° Another study found that treatment
time during rehabilitation sessions averaged 36 minutes
(in our framework for dose intensity, this would be 0.5
hours per session). In addition, there was considerable
variability in the number of movements practiced (still
averaging ~30), and active practice of functional move-
ments (versus passive stretching) was minimal.2” A recent
systematic review found that time on task during usual
care upper limb motor interventions varied from 8 to 44
minutes per session.? Overall, current poststroke reha-
bilitation therapy is characterized by inconsistent delivery,
and, when delivered, it is generally given at doses and
intensities that are too low.

Standard of care rehabilitation poststroke is so vari-
able and nonprotocolized that it is nearly impossible to
incorporate it into clinical trials as the control arm. As a
result, control therapy delivered in the context of clinical
trials is almost invariably given at higher doses and inten-
sities than usual care. For example, in the recent, pivotal
VNS trial (Vagus Nerve Stimulation) for upper extrem-
ity motor stroke recovery, both groups (experimental and
sham control group) received 27 hours over 6 weeks of
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*high-repetition, task-based, functional, individualized,
and progressive upper limb exercises?® Given that par-
ticipants in the study had varying degrees of functional
capabilities, the exact number of movements and tasks
varied across individuals and sessions, but it was esti-
mated that there were >300 movements per session; 10
times the amount provided in usual care.?® Thus, there is,
at the very least, tacit recognition that new neurotech-
nological approaches for stroke rehabilitation (eg, VNS)
need to be delivered with a rehabilitation training dose
that is considerably higher than usual care. Unfortunately,
when neurotechnological devices become commercially
available, they almost invariably revert back to being used
alongside usual care rather than being implemented with
the high-dose, high-intensity training given in the origi-
nal trial context. This all-too-common pattern leads to 3
conclusions. First, usual care as it is currently practiced is
inadequate as a control. Second, the potentiating effects
of new technologies depend on a higher level of behav-
ioral training than usual care. Third, outside of a clinical
trial, providing higher doses of training beyond usual care
is currently a huge logistical challenge.

WHAT CONSTITUTES HIGH-DOSE, HIGH-
INTENSITY STROKE REHABILITATION?

In the context of upper extremity stroke rehabilitation,
we recommend not using the term repetition because
it is misleading from both motor learning and rehabilita-
tion perspectives. Effective practice is deliberate,® and
learning implies acquiring feedback-control policies, not
just feedforward memorization of an action sequence.®
In animal studies, hundreds of upper extremity move-
ments are required to induce behaviorally relevant plastic
changes after stroke.®'*% The number of trials required
in human motor learning studies is in the same range,
ranging from 300 to 800 practice movements per ses-
sion®%; this amount is an order of magnitude greater
than the =30 upper extremity movements delivered dur-
ing current poststroke rehabilitation.® Few studies have
translated rehabilitation dosing parameters (including
time, scheduling, and intensity) from preclinical to clinical
studies—an area ripe for translation.®6-8

WHAT IS THE EVIDENCE FOR THE
EFFICACY OF HIGH-DOSE, HIGH-
INTENSITY STROKE REHABILITATION?

In this section, we discuss 3 examples of programs that
deliver high-dose, high-intensity rehabilitation (=100
hours or more over weeks) through an increase in the
number of hours patients had access to therapists.
1. The Queen Square Program (developed by
Ward et al®*® at the Queen Square Neurological
Institute) is a structured 3-week outpatient
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behavioral intervention program that delivers
6 hours of therapy per day for 5 days per week
(a total of 90 hours over 3 weeks). The program
includes an initial evaluation of movement and
performance in activities of daily living, followed by
therapy with the goal of both impairment reduction
and functional improvement. The program con-
tent includes twice-daily individual sessions with
a therapist focused on repetitive task-practice
and movement quality supplemented with robotic
training, sensory retraining, dynamic and func-
tional orthoses, neuromuscular electrical stimula-
tion, and group work. Clinical criteria warranting
admission to the program are broad and focused
on whether staff feel that they would be “able to
help patients achieve their goals for the affected
upper limb!" Plegia, shoulder pain, severe spas-
ticity, or contractures are exclusions. One recent
cohort study of chronic stroke patients who under-
went this clinical program® showed a median
6-point improvement (interquartile range, 3-9) in
the upper extremity Fugl-Meyer (UE-FMA) from
admission to completion of the 3-week program
and continued to make gains (median 9-point
UE-FMA change, interquartile range, 4—1 2) up to
6 months, as well as corresponding improvements
across a range of functional and patient-reported
outcome measures.*® Importantly, this study dem-
onstrates that high-dose, high-intensity upper limb
therapy can improve outcomes even in patients
with chronic stroke. It should be noted that
along with the actual therapy, the Queen Square
Program also emphasized a comprehensive and
multidisciplinary approach including psychosocial
interventions.*' The Queen Square study was not
a clinical trial, as it lacked both a control group
and blinded assessments. Nevertheless, it dem-
onstrated that real-world implementation of high
doses and intensities of upper limb therapy is fea-
sible. Indeed, it is unclear if a clinical trial replicat-
ing the Queen Square Program could feasibly be
set up—hundreds of patients traveling and staying
in a hotel for 3 weeks only to get standard of care if
they were randomized into the control group. They
would almost certainly need to subsequently be
offered a crossover to the high-dose, high-intensity
intervention. From an economic standpoint, this
program comes under the National Health Service
in the United Kingdom, which means it is free to
patients. It is unclear whether this model can scale
even in the United Kingdom, and it is not obvious
how it could be implemented or paid for in the
United States outside of a concierge model.

. Constraint-induced movement therapy

(CIMT, developed by Taub and colleauges*?) is an
example of a focused rehabilitation intervention
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that features high doses of movement train-
ing. In CIMT, the nonparetic upper extremity is
restrained with a sling and mitten while simul-
taneously, the patient is asked to engage in
shaping and task-oriented practice with the
stroke-affected arm and hand.*? The CIMT pro-
tocol also has a transfer package to promote the
generalization of motor gains to the patient’s real-
world environment.*® Evidence for the efficacy
of CIMT for patients after stroke comes from
the EXCITE trial (Extremity Constraint Induced
Therapy Evaluation),** a single-blind, randomized
study that enrolled 222 patients with stroke 3
to 9 months prior and moderate arm motor defi-
cits. Patients were randomized to up to 6 hours
of CIMT daily for 2 weeks versus usual care. In
addition, patients in the CIMT group were encour-
aged to wear the mitt on their nonparetic upper
extremity for a goal of 90% of waking hours dur-
ing the 2-week intervention period. Significant
benefits were found for the primary end points—
Wolf Motor Function Test (52% reduction in
time to complete its tasks) and Motor Activity
Log (76%—T77% increase in self-reported quan-
tity and quality of affected arm use)—at 1 year.
Gains were retained at 2 years posttherapy.*®
Since the EXCITE trial, CIMT has been studied
extensively,*®*® and it is currently considered
one of the most effective therapy regimens to
improve outcomes of the upper limb.*°. Clinical
adoption of CIMT, however, has been limited
because of restrictive inclusion (patients must fit
within a narrow range of paretic limb motor defi-
cits to qualify), and it is currently challenging to
pay for the extra therapist time to administer it.
Additional barriers to adoption include the need
to provide education about CIMT and strategies
for its implementation to therapists, stroke survi-
vors, and caregivers.®°

. The recovery of arm function in chronic

stroke study (by Daly et al conducted within
the US Department of Veterans Affairs system)
implemented a 5-hour-per-day, 5-day-per-week,
over 12 weeks outpatient rehabilitation therapy
research program (300 hours over 12 weeks)
for chronic stroke patients with moderate-severe
upper extremity impairment. The program involved
a core upper limb training protocol based on a
sequential program going from single-joint to
functional multi-joint movements. The result was
clinically significant improvements (post-pre) in
both the Arm Motor Ability Test (primary end point)
and the Fugl-Meyer score (secondary end point,
~10-point gain).®" A follow-up study found simi-
lar results at 12 weeks, and when outcomes were
analyzed at the midpoint of the study, after 150
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hours of therapy, the gains in Fugl-Meyer were
correspondingly halved (5 points).®? That is, the
effects at 300 hours of therapy were twice that
at 1560 hours, indicating no mid-treatment plateau
and suggesting a linear relationship between dose
intensity received and treatment-related motor
gains in chronic stroke. Taken together, these 3
programs show that high-dose, high-intensity
motor rehabilitation (%100 hours) improves out-
comes, even for patients with moderate-severe
motor impairment and even in chronic stroke, a
time period when many clinicians assume recovery
has hit a plateau™® (Table).

WHERE MIGHT THERE BE CONFUSION
ABOUT HIGH-DOSE, HIGH-INTENSITY
REHABILITATION?

1. There is confusion about stroke rehabilitation
goals, approaches, and outcome measures.
Therapy goals®* can be classified based on the World
Health Organization International Classification of
Functioning, Disability, and Health®® schema. This
schema organizes functioning and disability into 3
levels: (1) body structure/function (impairment), (2)
activity limitation (formerly disability), and (3) par-
ticipation restriction (formerly handicap). For upper
extremity hemiparesis after stroke, this would be ther-
apy focused on improving (1) motor control or encour-
aging return to more normal movement patterns, 2)
better function in activities of daily living (ADLs), and
(3) social involvement, life roles, employment, and
quality of life.

Current standard rehabilitation prioritizes activity
(ie, International Classification of Functioning [ICF]
level 2); with the scant number of hours available
to them, therapists prioritize ADLs (ie, eating with
a fork, dressing, and bathing), at times using adap-
tive equipment and approaches to bypass the motor
behaviors typically used to perform the activity pre-
stroke. Correspondingly, ADL training is the domi-
nant rehabilitation framework in current practice.®
This approach is distinct from impairment minimi-
zation, whereby therapists coach their patients to
practice a high number of normal movement pat-
terns, encouraging restitution of body structure/
function.’™®® An extreme case to illustrate this ADL-
impairment dichotomy is training the nonparetic arm
to maximize the performance of ADLs as opposed
to training the affected arm—therapy achieves inde-
pendence in feeding oneself but without return of
paretic arm control. A less extreme but still illustra-
tive example is allowing for compensatory strategies
(maximizing trunk movements and residual muscle
and joint effectors with non-normal movement

Stroke. 2025;56:1351-1364. DOI: 10.1161/STROKEAHA.124.043650



G20z ‘gz |udy uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Linetal

High-Dose, High-Intensity Stroke Rehabilitation

Table. Selected Stroke Rehabilitation Studies Investigating and Delivering High-Dose, High-Intensity Rehabilitation

Study

Dose,
intensity

Study design,
population

Therapy content

Main findings

Key lessons

Investigation of high-dose, high-intensity therapy

Queen Square 90 h over | Cohort study Comprehensive upper extremity- Improvements across a range of High-dose, high-intensity rehabili-

Upper Limb Pro- | 3 wk of 224 chronic | focused rehabilitation targeting all | outcome measures (including a tation can have substantial effects

gram (2019) stroke patients | levels of ICF. median 9-point improvement in on outcomes in chronic stroke.
the UE-FMA).

EXCITE (2006) | 60 h over | RCT of 222 Constraint-induced movement Wolf motor function test and High-dose, high-intensity reha-

2 wk* chronic stroke | therapy vs usual care. motor activity log improved in the bilitation delivered in the form of
patients CIMT group compared with usual | CIMT improves outcomes beyond

care. usual care in chronic stroke.

Recovery of 300 h RCT of 39 Robotics + motor learning vs All 3 groups demonstrated High-dose, high-intensity reha-

arm function in over 12 chronic stroke | functional electrical stimulation + clinically significant differences in | bilitation is required for motor

chronic stroke wk patients motor learning + motor learning. AMAT and UE-FMA (10 points). function improvements in chronic

(2015)

All 8 groups received the same
dose and intensity. Motor learning
treatment involved high-repetition
practice focusing on normal
movement patterns.

No difference across groups. A
follow-up study demonstrated
that halving the number of hours
(150 h) reduced the motor gains
by half.

stroke, and there is a linear dose-
response relationship between
therapy and motor gains.

Technology as a mode to deliver

high-dose, high-intensity therapy delivery

Telerehabilitation | 42 h over | RCT of 124 Telerehabilitation vs in-clinic, Compliance with telerehabilitation | Telerehabilitation is a feasible
(2019) 6 wk subjects dose-matched therapy. was high. Both groups showed and efficacious way to deliver
clinically significant gains in the high doses and intensities of
UE-FMA across ICF domains, as rehabilitation.
well as on global function (modi-
fied Rankin Scale).
SMARTS2 30 h over | RCT of sub- Neuroanimation (3D movements Both the neuroanimation group Neuroanimation is a feasible and
(2021) 3 wk acute stroke of a paretic arm by controlling the | and the dose-matched therapy novel way to deliver a behavioral
patients. movement of a virtual dolphin) group showed greater recovery on | intervention focused on training
vs dose-matched conventional ARAT as compared with historical | high-quality movements.
therapy. Both groups received this | controls.
therapy in addition to usual care.
VIGoROUS 20 h over | Pragmatic Video game play (15 h) driven by Self-managed motor practice at Video games are a promising
(2022) 3 wk RCT of sensor-detected movements of home combined with behaviorally | method to deliver high-dose,
chronic stroke | the paretic arm. focused therapist sessions had high-intensity rehabilitation, thus
patients similar outcomes on MAL and freeing therapist time to focus on

Wolf Motor Function compared
with intensive in-clinic therapy.

behavior and lifestyle coaching.

3D indicates 3-dimensional; AMAT, Arm Motor Ability Test; ARAT, Action Arm Research Test; CIMT, constraint-induced movement therapy; EXCITE, Extremity Con-
straint Induced Therapy Evaluation; ICF, International Classification of Functioning; MAL, Motor Activity Log; RCT, randomized control trial; SMARTS2, Study to Enhance
Motor Acute Recovery With Intensive Training After Stroke; UE-FMA, upper extremity Fugl-Meyer; and VIGoROUS, Video Game Rehabilitation for Outpatient Stroke.

“In addition to 6 hours of therapy each weekday for 2 weeks (60 hours), participants in the intervention group wore a mitt on their less impaired upper extremity, which
encouraged use of their more impaired arm and hand for a goal of 90% of waking hours.

patterns) or introducing adaptive equipment (eg,
customized eating utensils) to accomplish activities
of daily living.5® ADL training and impairment mini-
mization are not mutually exclusive (therapists often
work on shaping movements toward more normal
patterns during ADL tasks), but ADL completion is
often emphasized over movement quality given the
severe time constraints of usual care.

Another misconception that needs to be dispelled
is that if current rehabilitation goals are primarily
focused on ICF level 2 (ADLs) rather than ICF level 1
(impairment), focusing on high doses and intensities
is less important. In fact, high doses and intensities
matter at all levels of the ICF. The key is clarity with
respect to rehabilitation goals. For example, if the
patient has severe impairment in the chronic phase,
then high doses of ADL retraining (ICF level 2) might
be preferable with assessment at the activity level.

Stroke. 2025;56:1351-1364. DOI: 10.1161/STROKEAHA.124.043650

But regardless of whether ADL retraining or impair-
ment is targeted, the rules of practice always apply—
more is better if training is of appropriate quality.

. It is sometimes assumed that significant

recovery from impairment is not achievable by
rehabilitation. It has long been appreciated that the
largest degree of recovery occurs early after stroke
and that this appears to be a repair process that is
independent of regular rehabilitation, although it may
benefit from some level of rehabilitation to optimally
express itself. This repair process is referred to as
spontaneous biological recovery. A recovery process
is by definition a change. During a longitudinal study
to assess the relationship between baseline impair-
ment and subsequent change in impairment for the
upper limb, the proportional recovery rule was dis-
covered®” The proportional recovery rule, as origi-
nally introduced, stated that in the subacute stroke
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recovery period, most patients recover 70% of their
maximal potential reduction in impairment. That is, a
stroke patient with 40 points of potential to recover
on an impairment-based recovery scale (ie, scores
26 on the initial Fugl-Meyer out of a total score of
66) will recover 28 points (to a Fugl-Meyer outcome
of 54), on average. Proportional recovery has since
been applied to a broad range of stroke impair-
ments, including lower limb paresis,®? aphasia,®® and
neglect® There has been robust statistical debate
over the applications, implications, and interpretations
of proportional recovery.?>-%° The current consensus
appears to be that proportional recovery does hold
and accounts for more variance in the recovery of
the UE-FMA than any other model, but that it does
not predict to the high degree that was originally sur-
mised.®>"" It remains a clue as to how spontaneous
recovery of the upper limb mechanistically unfolds."
Indeed, the proportional recovery rule was developed
as a model to explain recovery from motor impairment
after stroke, not as an individual-level prediction rule.®®
Future clinical predictive models of impairment reduc-
tion will need to incorporate other factors along with
the proportional recovery and use predictive diagnos-
tics for external model evaluation. With all this said,
the proportional recovery rule in no way implies that
behavioral interventions (ie, high-dose, high-intensity
rehabilitation) in the subacute period cannot do better
than spontaneous recovery.

. It is sometimes assumed that too much reha-

bilitation is detrimental. Epochs of time post-
stroke can be divided into hyperacute/acute (hours
through 7 days), subacute (1 week through 6
months), and chronic (6 months onward) based on
tissue response and the biological processes that
emerge during these time windows.™ (Mis)interpre-
tation of the results from 2 prior studies has led to
the erroneous conclusion that delivering too much
rehabilitation too early can lead to worse outcomes.
In the multicenter Efficacy and safety of very early
mobilization within 24 h of stroke onset (AVERT [A
Very Early Rehabilitation Trial]) trial, which recruited
2104 patients with ischemic or hemorrhagic stroke,
intensive mobilization within 24 hours of stroke
was associated with reduced odds of a favorable
outcome at 3 months.”™ It is critical to differentiate
rehabilitation therapy dose and timing from out-of-
bed upright mobilization, the latter of which was the
focus of AVERT. The therapy group spent more time
out of bed than the usual care group because the
intervention was specifically focused on out-of-bed
activities such as sitting, standing, and walking. Early
postural shifts after stroke are likely to have a det-
rimental effect on cerebral perfusion in a subset of
patients, especially those with larger strokes, large
artery stenoses, and intracerebral hemorrhages.”™
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AVERT cautions that early intensive upright out-of-
bed mobilization may worsen outcomes, especially
in patients with larger strokes and hemorrhages.”
Importantly, AVERT was not designed to provide
generalizable lessons about the dose, intensity,
and timing of rehabilitation and, of course, did not
address the upper limb, which can be trained while
sitting or supine.

The VECTORS trial (Very Early Constraint-
Induced Movement during Stroke Rehabilitation)
compared traditional therapy (1 hour of ADL retrain-
ing and 1 hour of UE bilateral training activities)
to dose-matched (2 hours of shaping therapy and
wearing a padded constraint mitten for 6 hours per
day) or high-intensity (3 hours of shaping therapy
and wearing a mitten for 90% of waking hours per
day) CIMT during acute inpatient rehabilitation, on
average 10 days from stroke onset.®? While dose-
matched CIMT did not change functional outcomes,
high-intensity CIMT resulted in worsened motor out-
comes at 90 days. However, some puzzling aspects
of the VECTORS study should be noted. The differ-
ence in the 2 doses of CIMT was only 1 hour, and
the putative negative effects of this dose increase
occurred at a considerable delay (30 days), results
is incongruent with the original rodent studies that
first inspired the trial. In addition, this 52-participant
trial had baseline differences across groups in sex
balance, number of prior strokes, and dominant limb
involvement (eg, 63% in the high-intensity CIMT
group had their dominant limb affected versus only
32% in the low-dose CIMT group, which could con-
tribute to differences in group outcomes).”® Overall,
it is hard to conclude that activity-dependent excito-
toxicity is the explanation for the VECTORS result,
and, thus, current evidence is simply too inconclu-
sive to decide that high-dose, high-intensity early
after stroke is detrimental.

A closely related cousin to the misconception that
high doses and intensities of rehabilitation worsen
outcomes early after stroke is the idea that therapy in
chronic stroke cannot reduce impairment. The stud-
ies discussed above suggest otherwise—90 hours of
therapy over 6 weeks,* 60 hours over 2 weeks,** and
300 hours over 12 weeks®'*? of rehabilitation ther-
apy all led to significant reductions in upper extremity
motor impairment.

A recent well-designed study, CPASS (Criti-
cal Period After Stroke Study), explicitly tested
whether therapy provided early after stroke was
more effective than the same dose provided in the
chronic stroke setting.”™ The result did indeed con-
firm the hypothesis: 20 extra hours of self-selected,
task-specific motor therapy (over and above usual
care) was more effective at improving scores on
the Action Arm Research Test (an ICF level 2
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measure) when received within the first 3 months
after stroke as compared with after 6 months. Here,
for the first time, in humans, we see, from a well-
designed hypothesis-driven study, the demonstration
of a critical period—the same dose and intensity of
upper limb rehabilitation delivered early after stroke
yielded better results than when delivered later. Thus,
rehabilitation therapy appears to be more effective
early poststroke, but high doses and intensities of
rehabilitation are still effective in any phase of recov-
ery, including chronic stroke. There is certainly more
work to be done to find the optimal dose and time for
rehabilitation therapies after stroke. That said, given
the extent of stroke-related disability and in light of
already available data, we contend that higher doses
and intensities of therapy should be incorporated
into current clinical practice while, in parallel, con-
ducting additional research studies.

WHY HAVE NOT WE IMPLEMENTED HIGH-
DOSE, HIGH-INTENSITY REHABILITATION
IN USUAL CARE?

Given the mounting evidence for high-dose, high-
intensity rehabilitation, why has it not become the stan-
dard of care? In addition to the conceptual confusion
discussed above, there are also more pragmatic answers
to this question.

1. Therapists, especially those who trained
in stroke, are a scarce resource. One study
showed that demand for therapy services outpaces
supply in the majority of the United States.® The
shortage of therapists is also true internationally®’
and has been shown to contribute to the inabil-
ity to provide services to meet minimum dose and
intensity requirements in the United Kingdom.®?
Among rehabilitation therapists trained specifically
in stroke, those trained to deliver high doses and
intensities of rehabilitation are in even more limited
supply.”®

2. Some call for more definitive trials of high-
dose, high-intensity rehabilitation before
implementation. The studies covered thus far in
this Perspective provide convergent evidence for
the following points: more rehabilitation is better
regardless of time after stroke, and many more
hours beyond current usual care stroke rehabilita-
tion are required for large effect sizes. Some might
ask, given this prelude, why not conduct additional
randomized controlled trials, testing high-dose,
high-intensity rehabilitation versus usual care? We
would be the first to advocate for more rehabilita-
tion research trials incorporating high doses and
intensities of therapy. These could include mecha-
nistic studies with rigorously defined end points®
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to better understand the generalizable mechanisms
of rehabilitation, dose-finding, and dose-ranging
studies to determine specifically how much reha-
bilitation is needed® as well as later-phase trials
focusing on patient-centered outcomes, care deliv-
ery, and cost-effectiveness. However, we do not
think that the implementation of high-dose, high-
intensity rehabilitation into usual care should await
these trials given the available evidence, which is
far superior to the near nonexistence of evidence
for the 1 hour of each per day approach to cur-
rent rehabilitation care. There are many areas of
medicine in which a pressing need justifies clinical
decisions with incomplete evidence. Consider man-
agement decisions in acute stroke care—telestroke
consultation to guide administration of intravenous
tissue-type plasminogen activator; blood pressure
augmentation and head positioning in ischemic
stroke patients with posture- and blood pressure-
dependent examinations; and hyperosmolar ther-
apy for patients with brain swelling associated with
large strokes.®® None of these examples have level
| evidence supporting them. In stroke rehabilitation,
the modern practice patterns within inpatient reha-
bilitation units (generally 1 hour per day of therapy
from each discipline) have been grandfathered in,
with few supportive phase 3 trials.®®" So, what
are we to do when there is a major medical cri-
sis (stroke disability) for which current practice is
built on insufficient evidence, and there is strong
scientific plausibility in favor of a new approach?
Our perspective is that given the strong evidence in
favor of high-dose, high-intensity rehabilitation, the
time for clinical implementation is now; the implica-
tions for not doing so are discussed further below.

. There is a lack of implementation research in

rehabilitation. One study showed that only *2%
of published stroke rehabilitation research evalu-
ated the implementation of evidence-based inter-
ventions in health care practice.®® Thus, despite the
evidence that high-dose, high-intensity rehabilita-
tion works, there is little knowledge about how to
deliver it in clinical practice.

. The insurance reimbursement model for

rehabilitation therapy is challenging. In the
United States, for therapy to be reimbursed by
insurance, patients need to demonstrate continued
progress on outcome measures that therapists
report. This is problematic for a few reasons. First,
commonly agreed-upon stroke outcome mea-
sures are ADL rather than impairment-based.8%%
Second, the timing during which individual patients
show therapy-related motor gains is variable—just
because a patient does not demonstrate gains
early in therapy does not preclude further rehabili-
tation potential.®’
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5. Finally, poststroke rehabilitation has not yet
embraced a value-based care model. Societal
costs related to stroke are staggering: between
2012 and 2030, total direct annual stroke-related
medical costs in the United States are expected to
increase from $71.55 to $184.13 billion. Real indi-
rect annual costs (attributable to disability and lost
productivity) are projected to rise from $33.65 to
$56.54 billion over the same period. Overall, total
annual costs of stroke are projected to increase to
$240.67 billion by 2030, an increase of 129%.%2 In
the United States, inpatient and outpatient stroke
rehabilitation services operate on a fee-for-service
model: there is a default limit on hours of rehabilita-
tion services and a need to justify additional hours
of therapy to insurance companies. Moreover, the
fee-for-service model contributes to the fragmen-
tation in poststroke care. For the stroke patient,
clot retrieval, inpatient rehabilitation, outpatient
rehabilitation, and chronic stroke-related medi-
cal care are reimbursed separately. A value-based
care model,'? in which health outcomes are used
as the basis for health care payment, would lead to
greater integration of postacute care services and
emphasis on therapy to improve stroke outcomes,
which would, in turn, lead to the implementation of
higher doses and intensities of rehabilitation.

WHAT ARE POTENTIAL WAYS TO
DELIVER HIGH-DOSE, HIGH-INTENSITY
REHABILITATION?

When therapists are a scarce resource, alternative mod-
els of delivering rehabilitation should be explored. Group
therapy, including circuit class training,%®** can be used in
both inpatient®® or community settings® to make thera-
pist time per patient more efficient. Another option is for
stroke survivors to complete self-directed therapy pro-
grams®9” outside of formal rehabilitation sessions. We
focus on the promise of technology to be used as a vehi-
cle to help deliver high-dose, high-intensity rehabilitation,
and in particular robots, telerehabilitation, and gaming.®®

Rehabilitation robots, in principle, could allow
patients to make many more movements with vary-
ing degrees of assistance or resistance.®'% Two-
dimensional (or planar) robots have a manipulandum that
can constrain and guide movements along a specified
trajectory. In 3 dimensions, an exoskeleton is needed to
provide trajectory guidance. In assistive mode, robots
hold and move the limb, similar to a therapist providing
hands-on encouragement. Unfortunately, as has been
demonstrated in a recent meta-analysis,’®' the prom-
ise of robotics for stroke rehabilitation has not been
borne out.'9?71%* The effects on impairment are consis-
tently low, and there is no generalization to activities.
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The reasons for this failure, as Krakauer'®® has argued,
are conceptual and not technical in nature. These will
not be discussed here, but the simplistic notion of rep-
etition is 1 culprit: hundreds of rote, assist-as-needed,
2-dimensional reaching movements are not likely to
lead to either restitution or return of function. Both
impairment- and ADL-level gains necessitate deliberate,
contextual, and challenging practice. Thus, while rehabili-
tation robots were, in principle, designed to deliver high
doses and intensities of movement, clinical trials have
been disappointing, and current robots are expensive. In
our opinion, they require a complete conceptual rethink
as well as cost reduction before they can deliver on their
promise for stroke rehabilitation.

Given that patients spend most of their time at home,
especially in the chronic stroke phase, approaches to
bring rehabilitation to the home environment are needed
to increase dose and intensity. Telerehabilitation
extends access to rehabilitation to the home via com-
munication technologies.”® A recent study'” found
telerehabilitation to be comparably effective to in-clinic
therapy for improving stroke-related impairment (the
primary outcome was the change, from baseline to 4
weeks after the end of therapy, in UE-FMA, with a non-
inferiority margin of 30%). Notably, in this trial, telere-
habilitation was delivered via a computer with a table,
chair, and gaming input devices that were provided to
participants. There were synchronous sessions, which
consisted of videoconferencing during which therapists
guided games and exercises on the computer system.
There were also asynchronous sessions, which con-
sisted of the same gaming and exercise content but
without therapist contact. A total of 124 subjects (=4
months poststroke, late subacute phase of recovery)
were randomized to receive 36 sessions (42 hours
delivered over 6 weeks; for both in-clinic and telereha-
bilitation groups, half of the sessions were synchronous
and half were asynchronous; note the dose-intensity
was much higher than usual care) of arm motor therapy
either in the home using the telerehabilitation system
or in the clinic (dose-matched). Compliance with telere-
habilitation was high (98.3%), and patients performed
an average of 1031 arm movements per treatment
session. Both groups showed clinically and statistically
significant gains in the primary outcome, the UE-FMA,
as well as on activity level (ie, Box and Blocks) and
participation-level (ie, Stroke Impact Scale) outcomes;
gains in global function (ie, modified Rankin Scale
score) were also substantial.'®® For broad adoption of
telerehabilitation, some questions remain, including
the specific patients (age, severity, and type of stroke
deficits) that would benefit most, cost-effectiveness, the
role of caregivers, and equitable access to supporting
infrastructure (computers, internet, and integration into
health records).’®'"® The optimal ratio of synchronous
to asynchronous therapy time is a key parameter that is
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important to further elucidate. Given the limited pool of
stroke-trained therapists, to substantially boost therapy
hours and achieve high-dose, high-intensity therapy, the
amount of asynchronous rehabilitation time will need to
expand. However, our view is that regular synchronous
therapy (direct interaction with a licensed therapist via
videoconference) is absolutely critical for best results—
telerehabilitation does not compete with therapists; it
extends how they treat patients with stroke.

Video games can be used to deliver therapy
with immersive, stimulating, and mood-enhancing
experiences. Games can be further enhanced with
augmented reality or virtual reality, in which special
equipment such as head-mounted displays provide
users with immersive interactions with 3-dimensional
images or environments.®® A recent study, SMARTS2
(Study to Enhance Motor Acute Recovery With Inten-
sive Training After Stroke), used a video game to test
high doses of non-task-based training in an enriched
environment setting. The dose intensity featured in
the study was 30 hours delivered over 3 weeks. This
was in addition to the standard of care. A total of 24
subacute stroke patients (<6 weeks from stroke) were
randomized to either this dose of novel neuroanima-
tion therapy or dose-matched (ie, high dose) occupa-
tional therapy. The neuroanimation therapy group made
3-dimensional movements of their paretic arm by con-
trolling the movement of a virtual dolphin while being
coached by a licensed physical or occupational thera-
pist. The a priori hypothesis was that the video game
would provide patients with an enriched and immersive
environment to explore and train high-quality move-
ments that would drive a reduction in impairment.
Results showed that there were no differences in
the primary end point (UE-FMA) between groups or
compared with historical controls (who only received
30 minutes of upper limb therapy per day), but that
both the neuroanimation group and the dose-matched
(high dose) therapy group showed greater recovery on
the Action Arm Research Test (secondary end point
that measures activity limitations). The pilot results
are promising as they suggest a feasible way to use
gaming to deliver a behavioral intervention focused on
training high-quality movements.'" Two points must be
made here about these results. The first is that failure to
see an additional change in the UE-FMA beyond usual
care, while initially puzzling, is likely due to the fact that
changes in the UE-FMA, in the subacute period, are
largely driven by recovery from weakness,''? which was
not the impairment targeted by the videogame. The
second is that the Action Arm Research Test changes
seen in this study were likely driven by true motor con-
trol improvements and not just compensation. These
points highlight the limitations of traditional outcome
measures and point to the need to incorporate better
assessment tools (ie, kinematics) to quantify recovery
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after stroke, particularly when behavioral changes are
fine-grained and at the level of motor control.

Another application of video gaming is to encour-
age self-management of motor practice at home. That
is, video games can provide a venue through which
high doses and intensities of motor practice are self-
managed at home, freeing valuable therapist time to
focus on behavioral coaching and protocol design. The
VIGoROUS trial (Video Game Rehabilitation for Outpa-
tient Stroke) specifically tested this hypothesis; the goal
was to determine the effect on everyday arm use of allo-
cating therapist time differently (ie, on behavioral coach-
ing versus motor practice) by leveraging self-delivered
video games.''® Chronic stroke patients were allocated
to self-managed gaming versus traditional therapy
groups. The gaming groups received a total of & hours
of in-clinic therapy time focused on behavioral coaching
and 15 hours of self-managed gaming (video game play
was driven by sensor-detected movements of the paretic
arm) over 3 weeks. The dose intensity-matched control
group received 15 hours of CIMT and also 5 hours of
behavioral coaching. Results showed that self-managed
motor practice with video games at home combined with
behaviorally focused therapist sessions had similar out-
comes on the amount and quality of everyday arm use
(Motor Activity Log) and the Wolf Motor Function Test
(activity-limitation measure) to intensive in-clinic therapy.
This pragmatic trial demonstrates 1 promising method
to deliver high-dose, high-intensity rehabilitation when
therapist time is scarce—use video games to deliver high
doses of motor practice and free up the therapist to be
the behavioral coach.

The discussion above focuses on how to deliver
high doses and intensities of therapy for the upper
limb. For technological approaches in particular, the
cost of these approaches should be valued relative to
efficacy; more cost-effectiveness research evaluating
technology in rehabilitation is needed, as was done in
a recent multicenter stroke robotics study.'®® We can
also extrapolate these issues of scale to other domains
of clinical practice (lower extremity therapy, language,
and cognition) with particular attention to how scal-
able modes of delivery interact with stroke-related
deficits. For example, for aphasia after stroke, Apps
that augment in-person speech therapy have shown
substantial promise.'™*"'6 For gait deficits after stroke,
self-directed rhythmic auditory stimulation has shown
recent success."'"!"®

For all modes of therapy delivery (in-person therapy,
remote, and technology-augmented), high-dose, high-
intensity rehabilitation will require more time with ther-
apists and familiarization with new technologies. This
implies that motivation and engagement will be critical
factors for successful adherence to these programs.’'9-122
Furthermore, careful planning of session content, includ-
ing building in periods of rest, will be important.
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WHICH REHABILITATION CONTENT IS
OPTIMAL TO DELIVER?

While a central thesis of this editorial is that high-dose,
high-intensity rehabilitation is effective and helpful at all
levels of the ICF, it is important to discuss which therapy
content, at a given dose intensity, provides the highest
yield and greatest gains across ICF domains. Impair-
ment reduction should be a primary goal when possible
because large reductions in impairment will lead to the
highest likelihood of generalization to better function.
Adding further functional gains once impairment reduc-
tion has been maximized can be accomplished with ADL-
focused training (eg, the transfer package with CIMT*)
as well as attention to personal factors, psychological
conditions, and social issues.

What are optimal strategies to bring about the largest
reductions in impairment? For upper extremity recovery,
there are specific evidence-based rehabilitation therapy
programs that primarily emphasize restitution of motor
control.39448758123 However, these require large amounts
of in-person therapy (and therapist) time. Neurotech-
nological approaches—telerehabilitation and gamified
rehabilitation through immersive environments''" and, in
particular, nervous system stimulation strategies?®'24-126—
have great promise for impairment reduction.

Thus, an optimal strategy would be for therapist-
coached, neurotechnology-enhanced, behavioral train-
ing to promote impairment reduction, and then in a serial
fashion, for task-specific practice to ensue to maximize
functional gains. That is, train to reduce impairment and
then practice to enhance function, with different types of
neurotechnology in each phase, and always under thera-
pist supervision. Societal reintegration and participation
outcomes are additional major and important goals that
should be emphasized in parallel. Given that stroke-
trained rehabilitation therapists are in limited supply and
the barriers to in-person therapy, bringing these reha-
bilitation strategies to patients’ homes via a combination
of telerehabilitation and technology-enhanced, gamified
exercises is going to be key.

WHAT HAPPENS IF WE DO NOT DELIVER
ON HIGH-DOSE, HIGH-INTENSITY
STROKE REHABILITATION?

If we fail to deliver higher doses and intensities of stroke
rehabilitation, clinical outcomes in stroke rehabilita-
tion will likely continue to be marginal. This would lead
to increased nihilism, which would in turn contribute to
increased clinician burnout. The provision of rehabilita-
tion will worsen further, as additional cost-cutting will
appear justified. For rehabilitation research, clinical trial
conditions will continue to bear little relation to what hap-
pens in the real world. As discussed above, the control
group in clinical trials (when the control group receives a
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dedicated therapy program, ie, in the VNS trial?®) usually
receives much higher doses and intensities of therapy
than usual care.'””'?® Rehabilitation research trials are
especially challenging and expensive to design for this
reason.'?® Finally, there are novel nervous system stimu-
lation technologies (VNS,'® spinal cord stimulation,
and deep brain stimulation'®) that promise to drive
large reductions in impairment after stroke. All technolo-
gies require a background of high-dose, high-intensity
training to maximize their rehabilitative effects. That is,
without high-dose, high-intensity rehabilitation as the
new standard of care, cutting-edge technologies have
little chance to deliver on their translational promise of
improving stroke outcomes.

WHERE DO WE GO FROM HERE?

Current doses and intensities of rehabilitation therapy
poststroke are simply too low. There is mounting evi-
dence that high-dose, high-intensity rehabilitation
improves stroke outcomes across all levels of the ICF.
The first step for adoption is acknowledgment, alignment,
and advocacy for higher doses and intensities of rehabili-
tation from clinical stakeholders (neurologists, physiat-
rists, and therapists), researchers, patients, policymakers,
and insurance companies. Second, there is an urgent
need to create business models to implement and reim-
burse high-dose, high-intensity rehabilitation. Third, there
should be continued emphasis on translational research
focused on mechanisms of stroke recovery and how to
reproduce or enhance this recovery with novel high-dose,
high-intensity training protocols that leverage various
forms of neurotechnology.

ARTICLE INFORMATION

Affiliations

Department of Neurology, Division of Neurocritical Care and Stroke Service, Cen-
ter for Neurotechnology and Neurorecovery, Massachusetts General Hospital,
Harvard Medical School, Boston (D.J.L.). Department of Veterans Affairs, Reha-
bilitation Research and Development Service, Center for Neurorestoration and
Neurotechnology, Providence, Rl (D.J.L.). Department of Neurology, University of
California, Los Angeles; and California Rehabilitation Hospital (S.C.C.). Depart-
ment of Rehabilitation, Exercise and Nutrition Sciences, University of Cincinnati
College of Allied Health Sciences, OH (PB.). Department of Neurology and Re-
habilitation Medicine, University of Cincinnati College of Medicine, OH (PK.). De-
partment of Neurology, Johns Hopkins University, Baltimore, MD (J.W.K)).

Acknowledgments

The authors wish to thank Lynn Blaney, MSOT, OTR/L, Jessica Ranford, MSOT,
OTR/L, Kelly Rishe, MSOT, OTR/L, and Jack Smiley for comments and helpful
discussion.

Sources of Funding

This study was supported by the Department of Veterans Affairs (Career Devel-
opment Award, 11K2RX004237, Dr Lin) and the National Institutes of Health
(National Institute of Neurological Disorders and Stroke, UOTNS120910, Dr
Khatri).

Disclosures

Dr Lin has served as a consultant for Bristol Myers Squibb, BlueRock Therapeu-
tics, Guidepoint, iota Biosciences, and Neurotrauma Sciences, and provides con-
sultative input for The Massachusetts General Hospital Translational Research

Stroke. 2025;56:1351-1364. DOI: 10.1161/STROKEAHA.124.043650



G20z ‘gz |udy uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Linetal

Center (on clinical research support agreements with Constant Therapy, Constant
Therapeutics, Imago Rehab, MedRhythms, and Reach Neuro). Dr Cramer serves
as a consultant for Astellas, Bayer, Beren Therapeutics, BlueRock Therapeutics,
BrainQ, Constant Therapeutics, Medtronic, MicroTransponder, Myomo, Neu-
roTrauma Sciences, Panaxium, Simcere, and TRCare. Dr Khatri has been a sci-
entific advisor for Basking Biosciences, Lumosa, Roche, and Shionogi; received
a research grant from Johnson & Johnson and trial drug and assays from Trans-
lational Sciences; and has received royalties from UpToDate (online publication).
Dr Krakauer serves as a consultant for and has equity in Mindmaze. The other
author reports no conflicts.

REFERENCES

1.

Stroke. 2025;56:1351-1364. DOI: 10.1161/STROKEAHA.124.043650

GBD 2019 Stroke Collaborators. Global, regional, and national burden of
stroke and its risk factors, 1990-2019: a systematic analysis for the Global
Burden of Disease Study 2019. Lancet Neurol. 2021;20:795-820. doi:
10.1016/S1474-4422(21)00252-0

. Feigin VL, Forouzanfar MH, Krishnamurthi R, Mensah GA, Connor M,

Bennett DA, Moran AE, Sacco RL, Anderson L, Truelsen T, et al; Global Bur-
den of Diseases, Injuries, and Risk Factors Study 2010 (GBD 2010) and
the GBD Stroke Experts Group. Global and regional burden of stroke dur-
ing 1990-2010: findings from the Global Burden of Disease Study 2010.
Lancet. 2014;383:245-254. doi: 10.1016/50140-6736(13)61953-4

. Lohse KR, Lang CE, Boyd LA. Is more better? Using metadata to explore

dose-response relationships in stroke rehabilitation. Stroke. 2014;45:2053—
2058. doi: 10.1161/STROKEAHA.114.004695

. Winstein C, Kim B, Kim S, Martinez C, Schweighofer N. Dosage matters.

Stroke. 2019;50:1831-1837. doi: 10.1161/STROKEAHA.118.023603

. Lang CE, Lohse KR, Birkenmeier RL. Dose and timing in neurorehabilitation:

prescribing motor therapy after stroke. Curr Opin Neurol. 2015;28:5649—
555. doi: 10.1097/WC0.0000000000000256

. Juckett LA, Wengerd LR, Faieta J, Griffin CE. Evidence-based practice

implementation in stroke rehabilitation: a scoping review of barriers and
facilitators. Am J Occup Ther. 2020;74:7401205050p1-7401205050p 14.
doi: 10.6014/2jot.2020.035485

. Page SJ, Gater DR, Bach YRP. Reconsidering the motor recovery plateau

in stroke rehabilitation. Arch Phys Med Rehabil. 2004;85:1377—-1381. doi:
10.1016/j.apmr.2003.12.031

. Cramer SC. Intense rehabilitation therapy produces very large gains

in chronic stroke. J Neurol Neurosurg Psychiatry. 2019;90:497. doi:
10.1136/jnnp-2019-320441

. Borschmann KN, Hayward KS. Recovery of upper limb function is greatest

early after stroke but does continue to improve during the chronic phase:
a two-year, observational study. Physiotherapy. 2020;107:216-223. doi:
10.1016/j.physio.2019.10.001

. Tai W, Kalanithi L, Milstein A. What can be achieved by redesigning stroke

care for a value-based world? Expert Rev Pharmacoecon Outcomes Res.
2014;14:585-587. doi: 10.1686/147371672014.946013

. Medford-Davis LN, Fonarow GC, Bhatt DL, Xu H, Smith EE, Suter R,

Peterson ED, Xian Y, Matsouaka RA, Schwamm LH. Impact of insurance
status on outcomes and use of rehabilitation services in acute ischemic
stroke: findings from Get With The Guidelines-Stroke. J Am Heart Assoc.
2016;5:e004282. doi: 10.1161/JAHA.116.004282

. Porter ME, Teisberg EO. Redefining Health Care: Creating Value-Based

Competition on Results. Harvard Business Press; 2006.

. Goikoetxea-Sotelo G, van Hedel HJA. Defining, quantifying, and report-

ing intensity, dose, and dosage of neurorehabilitative interventions
focusing on motor outcomes. Front Rehabil Sci. 2023;4:1139251. doi:
10.3389/fresc.2023.1139251

. Hayward KS, Churilov L, Dalton EJ, Brodtmann A, Campbell BCV, Copland D,

Dancause N, Godecke E, Hoffmann TC, Lannin NA, et al. Advancing stroke
recovery through improved articulation of nonpharmacological intervention
dose. Stroke. 2021;562:761-769. doi: 10.1161/STROKEAHA.120.032496

. Dijkers MP, Ferraro MK, Hart T, Packel A, Whyte J, Zanca JM. Toward a

rehabilitation treatment taxonomy: summary of work in progress. Phys Ther.
2014;94:319-321. doi: 10.25622/ptj.20130999

. Zanca JM, Turkstra LS, Chen C, Packel A, Ferraro M, Hart T, Van Stan JH,

Whyte J, Dijkers MP. Advancing rehabilitation practice through improved
specification of interventions. Arch Phys Med Rehabil. 2019;100:164—-171.
doi: 10.1016/j.apmr.2018.09.110

. Parnandi A, Kaku A, Venkatesan A, Pandit N, Wirtanen A, Rajamohan H,

Venkataramanan K, Nilsen D, Fernandez-Granda C, Schambra H. PrimSeq:
a deep learning-based pipeline to quantitate rehabilitation training. PLOS
Digit Health. 2022;1:e0000044. doi: 10.1371/journal.pdig.0000044

20.

21.

22.

23.

24,

26.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

High-Dose, High-Intensity Stroke Rehabilitation

. Barth J, Lohse KR, Konrad JD, Bland MD, Lang CE. Sensor-based catego-

rization of upper limb performance in daily life of persons with and without
neurological upper limb deficits. Front Rehabil Sci. 2021;2:741393. doi:
10.3389/fresc.2021.741393

. Chan L, Wang H, Terdiman J, Hoffman J, Ciol MA, Lattimore BF,

Sidney S, Quesenberry C, Lu Q, Sandel ME. Disparities in outpatient
and home health service utilization following stroke: results of a 9-year
cohort study in Northern California. PM R 2009;1:997-1003. doi:
10.1016/}.pmrj.2009.09.019

Newton SP, Dalton EJ, Ang JY, Klaic M, Thijs V, Hayward KS. Dose,
content, and context of usual care in stroke upper limb motor inter-
ventions: a systematic review. Clin Rehabil. 2023;37:1437-1450. doi:
10.1177/0269215656231172295

Man S, Bruckman D, Uchino K, Schold JD, Dalton J. Racial, eth-
nic, and regional disparities of post-acute service utilization after
stroke in the United States. Neurol/ Clin Pract 2024;14:200329. doi:
10.1212/CRJ.0000000000200329

Schrage T, Thomalla G, Harter M, Lebherz L, Appelbohm H, Rimmele DL,
Kriston L. Predictors of discharge destination after stroke. Neurorehabil
Neural Repair. 2023;37:307-315. doi: 10.1177/15459683231166935
Freburger JK, Li D, Fraher EP. Community use of physical and occupational
therapy after stroke and risk of hospital readmission. Arch Phys Med Rehabil.
2018;99:26-34.e5. doi: 10.1016/}.apmr.2017.07.011

Young BM, Holman EA, Cramer SC; STRONG Study Investigators. Rehabili-
tation therapy doses are low after stroke and predicted by clinical factors.
Stroke. 2023;54:831-839. doi: 10.1161/STROKEAHA.122.041098
Camicia M, Wang H, DiVita M, Mix J, Niewczyk P. Length of stay at inpa-
tient rehabilitation facility and stroke patient outcomes. Rehabil Nurs.
2016;41:78-90. doi: 10.1002/rnj.218

Lang CE, Macdonald JR, Reisman DS, Boyd L, Jacobson Kimberley T,
Schindler-lvens SM,Hornby TG, Ross SA, Scheets PL. Observation of amounts
of movement practice provided during stroke rehabilitation. Arch Phys Med
Rehabil. 2009;90:1692-1698. doi: 10.1016/].apmr.2009.04.005

Lang CE, MacDonald JR, Gnip C. Counting repetitions: an observational
study of outpatient therapy for people with hemiparesis post-stroke. J Neu-
rol Phys Ther. 2007;31:3-10. doi: 10.1097/01.npt.0000260568.31746.34
Dawson J, Liu CY, Francisco GE, Cramer SC, Wolf SL, Dixit A, Alexander J,
Ali R, Brown BL, Feng W, et al. Vagus nerve stimulation paired with rehabili-
tation for upper limb motor function after ischaemic stroke (VNS-REHAB):
a randomised, blinded, pivotal, device trial. Lancet. 2021;397:15645-15563.
doi: 10.1016/50140-6736(21)00475-X

Ericsson KA. Deliberate practice and acquisition of expert perfor-
mance: a general overview. Acad Emerg Med. 2008;156:988-994. doi:
10.1111/}.16563-2712.2008.00227.x

Krakauer JW, Hadjiosif AM, Xu J, Wong AL, Haith AM. Motor learning.
Compr Physiol. 2019;9:613-663. doi: 10.1002/cphy.c170043

Nudo RJ, Milliken GW. Reorganization of movement representations in pri-
mary motor cortex following focal ischemic infarcts in adult squirrel monkeys.
J Neurophysiol. 1996;75:2144-2149. doi: 10.1152/jn.1996.75.5.2144
Kleim JA, Barbay S, Nudo RJ. Functional reorganization of the rat motor
cortex following motor skill learning. J Neurophysiol. 1998;80:3321-3325.
doi: 10.1152/jn.1998.80.6.3321

Kleim JA, Jones TA. Principles of experience-dependent neural plasticity:
implications for rehabilitation after brain damage. J Speech Lang Hear Res.
2008;51:5225-5239. doi: 10.1044/1092-4388(2008/018)

Carey JR, Kimberley TJ, Lewis SM, Auerbach EJ, Dorsey L, Rundquist P,
Ugurbil K. Analysis of fMRI and finger tracking training in subjects with
chronic stroke. Brain. 2002;125:773-788. doi: 10.1093/brain/awf091
Birkenmeier RL, Prager EM, Lang CE. Translating animal doses of task-
specific training to people with chronic stroke in 1-hour therapy sessions: a
proof-of-concept study. Neurorehabil Neural Repair. 2010;24:620-635. doi:
10.1177/1545968310361957

Dalton EJ, Churilov L, Lannin NA, Corbett D, Campbell BCV,
Hayward KS. Early-phase dose articulation trials are underutilized for post-
stroke motor recovery: a systematic scoping review. Ann Phys Rehabil Med.
2022;65:101487. doi: 10.1016/jrehab.2021.101487

Dalton E, Churilov L, Lannin NA, Corbett D, Hayward KS. Dose articulation
in preclinical and clinical stroke recovery: refining a discovery research pipe-
line and presenting a scoping review protocol. Front Neurol. 2019;10:1148.
doi: 10.3389/fneur.2019.01148

Lang CE, Strube MJ, Bland MD, Waddell KJ, Cherry-Allen KM, Nudo RJ,
Dromerick AW, Birkenmeier RL. Dose response of task-specific upper
limb training in people at least 6 months poststroke: a phase Il, single-
blind, randomized, controlled trial. Ann Neurol 2016;80:342-354. doi:
10.1002/ana. 24734

May 2025 1361

IN0ULS NI SIISHIA0HINOD



CONTROVERSIES IN STROKE

G20z ‘gz |udy uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Lin et al

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

57.

58.

1362

Ward NS, Brander F, Kelly K. Intensive upper limb neurorehabilitation in
chronic stroke: outcomes from the Queen Square programme. J Neurol Neu-
rosurg Psychiatry. 2019;90:498-506. doi: 10.1136/jnnp-2018-319954
Fugl-Meyer AR, Jaasko L, Leyman |, Olsson S, Steglind S. The post-stroke
hemiplegic patient. 1. A method for evaluation of physical performance.
Scand J Rehabil Med. 1975;7:13-31.

Kelly K, Brander F, Strawson A, Ward N, Hayward K. Pushing the limits of recov-
ery in chronic stroke survivors: a descriptive qualitative study of users per-
ceptions of the Queen Square Upper Limb Neurorehabilitation Programme.
BMJ Open. 2020;10:¢036481. doi: 10.1136/bmjopen-2019-036481
Taub E, Crago JE, Burgio LD, Groomes TE, Cook EW 3rd, DelLuca SC,
Miller NE. An operant approach to rehabilitation medicine: overcoming
learned nonuse by shaping. J Exp Anal Behav. 1994;61:281-293. doi:
10.1901/jeab.1994.61-281

Taub E, Uswatte G, Mark VW, Morris DM, Barman J, Bowman MH,
Bryson C, Delgado A, Bishop-McKay S. Method for enhancing real-world
use of amore affected arm in chronic stroke: transfer package of constraint-
induced movement therapy. Stroke. 2013;44:1383-1388. doi:
10.1161/STROKEAHA.111.000559

Wolf SL, Winstein CJ, Miller JP, Taub E, Uswatte G, Morris D, Giuliani C,
Light KE, Nichols-Larsen D; EXCITE Investigators. Effect of constraint-
induced movement therapy on upper extremity function 3 to 9 months after
stroke: the EXCITE randomized clinical trial. JAMA. 2006;296:2095-2104.
doi: 10.1001/jama.296.17.2095

Wolf SL, Winstein CJ, Miller JB, Thompson PA, Taub E, Uswatte G, Morris D,
Blanton S, Nichols-Larsen D, Clark PC. Retention of upper limb function
in stroke survivors who have received constraint-induced movement ther-
apy: the EXCITE randomised trial. Lancet Neurol. 2008;7:33-40. doi:
10.1016/S51474-4422(07)70294-6

Kwakkel G, Veerbeek JM, van Wegen EEH, Wolf SL. Constraint-induced
movement therapy after stroke. Lancet Neurol. 2015;14:224-234. doi:
10.1016/S1474-4422(14)70160-7

Sirtori V, Corbetta D, Moja L, Gatti R. Constraint-induced movement ther-
apy for upper extremities in stroke patients. Cochrane Database Syst Rev.
2009;4:CD004433. doi: 10.1002/14651858.CD004433.pub2
Wittenberg GF,  Schaechter JD. The neural basis of constraint-
induced movement therapy. Curr Opin Neurol. 2009;22:582-588. doi:
10.1097/WC0.0b0 133283320229

Mclntyre A, Viana R, Janzen S, Mehta S, Pereira S, Teasell R. Systematic
review and meta-analysis of constraint-induced movement therapy in the
hemiparetic upper extremity more than six months post stroke. Top Stroke
Rehabil. 2012;19:499-513. doi: 10.1310/tsr1906-499

Weerakkody A, White J, Hill C, Godecke E, Singer B. Delivering constraint-
induced movement therapy in stroke rehabilitation requires informed
stakeholders, sufficient resources and organisational buy-in: a mixed-
methods systematic review. J Physiother. 2023;69:249-259. doi:
10.1016/j.jphys.2023.08.007

McCabe J, Monkiewicz M, Holcomb J, Pundik S, Daly JJ. Comparison of
robotics, functional electrical stimulation, and motor learning methods for
treatment of persistent upper extremity dysfunction after stroke: a ran-
domized controlled trial. Arch Phys Med Rehabil. 2015;96:981-990. doi:
10.1016/j.apmr.2014.10.022

Daly JJ, McCabe JB Holcomb J, Monkiewicz M, Gansen J,
Pundik S. Long-dose intensive therapy is necessary for strong, clinically
significant, upper limb functional gains and retained gains in severe/mod-
erate chronic stroke. Neurorehabil Neural Repair. 2019;33:523-537. doi:
10.1177/1545968319846120

Demain S, Wiles R, Roberts L, McPherson K. Recovery plateau fol-
lowing stroke: fact or fiction? Disabil Rehabil. 2006;28:815-821. doi:
10.1080/09638280500534796

Krakauer JW, Carmichael ST. Broken Movement: The Neurobiology of Motor
Recovery After Stroke. The MIT Press; 2017.

World Health Organization. Towards a common language for functioning,
disability, and health: ICF. The International Classification of Functioning, Dis-
ability and Health. World Health Organization; 2002

Hildebrand MW, Geller D, Proffitt R. Occupational therapy practice guide-
lines for adults with stroke. Am J Occup Ther. 2023;77:7705397010. doi:
10.6014/2jot.2023.077501

Platz T. Impairment-oriented training (I0T)--scientific concept and evidence-
based treatment strategies. Restor Neurol Neurosci. 2004;22:301-315. doi:
10.3233/RNN-2004-00266

Platz T, van Kaick S, Mehrholz J, Leidner O, Eickhof C, Pohl M. Best conven-
tional therapy versus modular impairment-oriented training for arm paresis
after stroke: a single-blind, multicenter randomized controlled trial. Neurore-
habil Neural Repair. 2009;23:706-716. doi: 10.1177/1545968309335974

May 2025

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

4.

75.

76.

7.

78.

79.

Stroke

High-Dose, High-Intensity Stroke Rehabilitation

Gordon J. Assumptions underlying physical therapy intervention: theo-
retical and historical perspectives. In: Carr J, Sheppard R, eds. Move-
ment Science: Foundations for Physical Therapy in Rehabilitation. Aspen
Publishers; 1987

Jones TA. Motor compensation and its effects on neural reorganization after
stroke. Nat Rev Neurosci. 2017;18:267-280. doi: 10.1038/nrm.2017.26
Prabhakaran S, Zarahn E, Riley C, Speizer A, Chong JY, Lazar RM,
Marshall RS, Krakauer JW. Inter-individual variability in the capacity for motor
recovery after ischemic stroke. Neurorehabil Neural Repair. 2008;22:64—71.
doi: 10.1177/15645968307305302

Smith MC, Byblow WD, Barber PA, Stinear CM. Proportional recovery from
lower limb motor impairment after stroke. Stroke. 2017;48:1400-1403. doi:
10.1161/STROKEAHA.116.016478

Lazar RM, Minzer B, Antoniello D, Festa JR, Krakauer JW, Marshall RS.
Improvement in aphasia scores after stroke is well predicted by initial sever-
ity. Stroke. 2010;41:1485-1488. doi: 10.1161/STROKEAHA.109.577338
Winters C, van Wegen EE, Daffertshofer A, Kwakkel G. Generalizabil-
ity of the maximum proportional recovery rule to visuospatial neglect
early poststroke. Neurorehabil Neural Repair. 2017;31:334-342. doi:
10.1177/1545968316680492

Hawe RL, Scott SH, Dukelow SP. Taking proportional out of stroke recovery.
Stroke. 2018;50:204-211. doi: 10.1161/strokeaha.118.023006

Hope TMH, Friston K, Price CJ, Leff AP, Rotshtein P, Bowman H. Recov-
ery after stroke: not so proportional after all? Brain. 2019;142:15-22. doi:
10.1093/brain/awy302

Kundert R, Goldsmith J, Veerbeek JM, Krakauer JW, Luft AR, What the
proportional recovery rule is (and is not): methodological and statisti-
cal considerations. Neurorehabil Neural Repair. 2019;33:876-887. doi:
10.1177/1545968319872996

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

Goldsmith J, Kitago T, Garcia de la Garza A, Kundert R, Luft A, Stinear C,
Byblow WD, Kwakkel G, Krakauer JW. Arguments for the biological and pre-
dictive relevance of the proportional recovery rule. Elife. 2022;11:e80458.
doi: 10.7554/¢eL ife.80458

Bonkhoff AK, Hope T, Bzdok D, Guggisberg AG, Hawe RL, Dukelow SP,
Rehme AK, Fink GR, Grefkes C, Bowman H. Bringing proportional recovery
into proportion: Bayesian modelling of post-stroke motor impairment. Brain.
2020;143:2189-2206. doi: 10.1093/brain/awaa146

Chong B, Wang A, Stinear CM. Proportional recovery after stroke: addressing
concerns regarding mathematical coupling and ceiling effects. Neurorehabil
Neural Repair. 2023;37:488-498. doi: 10.1177/15459683231177598
Byblow WD, Stinear CM, Barber PA, Petoe MA, Ackerley SJ. Propor-
tional recovery after stroke depends on corticomotor integrity. Ann Neurol.
2015,78:848-859. doi: 10.1002/ana.24472

Lin DJ, Cloutier AM, Erler KS, Cassidy JM, Snider SB, Ranford J, Parlman K|
Giatsidis F, Burke JF, Schwamm LH, et al. Corticospinal tract injury estimated
from acute stroke imaging predicts upper extremity motor recovery after
stroke. Stroke. 2019;50:35669-3577. doi: 10.1161/strokeaha.119.025898
Bernhardt J, Hayward KS, Kwakkel G, Ward NS, Wolf SL, Borschmann K,
Krakauer JW, Boyd LA, Carmichael ST, Corbett D, et al. Agreed defini-
tions and a shared vision for new standards in stroke recovery research:
the Stroke Recovery and Rehabilitation Roundtable taskforce. Int J Stroke.
2017;12:444-450. doi: 10.1177/1747493017711816

Avert Trial Collaboration Group. Efficacy and safety of very early mobilisation
within 24 h of stroke onset (AVERT): a randomised controlled trial. Lancet
2015;386:46-55. doi: 10.1016/50140-6736(15)60690-0

Chen HS, Zhang NN, Cui Y, Li XQ, Zhou CS, Ma YT, Zhang H,
Jiang CH, Li RH, Wan LS, et al. A randomized trial of Trendelenburg posi-
tion for acute moderate ischemic stroke. Nat Commun. 2023;14:2592. doi:
10.1038/541467-023-38313-y

Bernhardt J, Churilov L, Ellery F  Collier J, Chamberlain J,
Langhorne P, Lindley RI, Moodie M, Dewey H, Thrift AG, et al; AVERT Col-
laboration Group. Prespecified dose-response analysis for A Very Early
Rehabilitation  Trial (AVERT). Neurology. 2016;86:2138-2145. doi:
10.1212/WNL.0000000000002459

Dromerick AW, Lang CE, Birkenmeier RL, Wagner JM, Miller JP, Videen TO,
Powers WJ, Wolf SL, Edwards DF. Very Early Constraint-Induced Movement
during Stroke Rehabilitation (VECTORS): a single-center RCT. Neurology.
2009;73:195-201. doi: 10.1212/WNL.Ob013e3181ab2b27

Dromerick AW, Geed S, Barth J, Brady K, Giannetti ML, Mitchell A
Edwardson MA, Tan MT, Zhou Y, Newport EL, et al. Critical Period After
Stroke Study (CPASS): a phase Il clinical trial testing an optimal time

. 2025;566:1351-1364. DOI: 10.1161/STROKEAHA.124.043650



G20z ‘gz |udy uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Linetal

80.

81.

82.

83.

84.

8b.

86.

87.

88.

89.

90.

92.

93.

94.

96.

Stroke. 2025;56:1351-1364. DOI: 10.1161/STROKEAHA.124.043650

for motor recovery after stroke in humans. Proc Nat/ Acad Sci USA
2021;118:2026676118. doi: 10.1073/pnas.2026676118

Lin V, Zhang X, Dixon P. Occupational therapy workforce in the United
States: forecasting nationwide shortages. PM R. 2015;7:946-954. doi:
10.1016/}.pmrj.2015.02.012

Jesus TS, Mani K, von Zweck C, Bhattacharjya S, Kamalakannan S,
Ledgerd R. The global status of occupational therapy workforce research
worldwide: a scoping review. Am J Occup Ther. 2023;77:7703205080. doi:
10.6014/2jot.2023.050089

Clark B, Truman J, Whitall J, Hughes AM, Turk R, Burridge J. Why do
some people who had a stroke not receive the recommended 45 min
of occupational therapy and physiotherapy? A Delphi study. BMJ Open.
2023;13:e072276. doi: 10.1136/bmjopen-2023-072276

Cramer SC, Lin DJ, Finklestein SP. Domain-specific outcome measures in
clinical trials of therapies promoting stroke recovery: a suggested blueprint.
Stroke. 2023;54:e86—€90. doi: 10.1161/STROKEAHA.122.042313
Bernhardt J, Hayward KS, Dancause N, Lannin NA, Ward NS, Nudo RJ,
Farrin A, Churilov L, Boyd LA, Jones TA, et al. A stroke recovery trial devel-
opment framework: consensus-based core recommendations from the
second stroke recovery and rehabilitation roundtable. Neurorehabil Neural
Repair. 2019;33:959-969. doi: 10.1177/1545968319888642

Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC,
Becker K, Biller J, Brown M, Demaerschalk BM, Hoh B, et al. Guidelines
for the early management of patients with acute ischemic stroke: 2019
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. 2019;50:¢344-e418.
doi: 10.1161/STR.0000000000000211

Langhorne P, Bernhardt J, Kwakkel G. Stroke rehabilitation. Lancet
2011;377:1693-1702. doi: 10.1016/S0140-6736(11)60325-5
Winstein CJ, Stein J, Arena R, Bates B, Cherney LR, Cramer SC,
Deruyter F, Eng JJ, Fisher B, Harvey RL, et al; American Heart Asso-
ciation Stroke Council, Council on Cardiovascular and Stroke Nursing,
Council on Clinical Cardiology, and Council on Quality of Care and Out-
comes Research. Guidelines for adult stroke rehabilitation and recovery:
a guideline for healthcare professionals from the American Heart Asso-
ciation/American Stroke Association. Stroke. 2016;47:e98-e169. doi:
10.1161/STR.0000000000000098

Lynch EA, Chesworth BM, Connell LA. Implementation-the missing link in
the research translation pipeline: is it any wonder no one ever implements
evidence-based practice? Neurorehabil Neural Repair. 2018;32:751-761.
doi: 10.1177/1545968318777844

Erler KS, Wu R, DiCarlo JA, Petrilli MF, Gochyyev P, Hochberg LR,
Kautz SA, Schwamm LH, Cramer SC, Finklestein SP, et al. Associa-
tion of modified Rankin Scale with recovery phenotypes in patients with
upper extremity weakness after stroke. Neurology. 2022;98:e1877. doi:
10.1212/WNL.0000000000200154

Huynh BP, DiCarlo JA, Vora |, Ranford J, Gochyyev P, Lin DJ,
Kimberley TJ. Sensitivity to change and responsiveness of the upper
extremity Fugl-Meyer assessment in individuals with moderate to
severe acute stroke. Neurorehabil Neural Repair. 2023;37:545-553. doi:
10.1177/15459683231186985

. Wade DT. Rehabilitation potential: a critical review of its meaning and validity.

Clin Rehabil. 2023;37:869-875. doi: 10.1177/02692155221147606
Ovbiagele B, Goldstein LB, Higashida RT, Howard VJ, Johnston SC,
Khavjou OA, Lackland DT, Lichtman JH, Mohl S, Sacco RL, et al;
American Heart Association Advocacy Coordinating Committee and
Stroke Council. Forecasting the future of stroke in the United States:
a policy statement from the American Heart Association and
American Stroke Association. Stroke. 2013;44:2361-2375. doi:
10.1161/STR.0b013e318297342

Rozevink SG, Beerepoot CM, van der Sluis CK, Hijmans JM. Standard-
ized circuit class group training versus individualized goal-directed group
training to improve upper limb function in stroke survivors during in-patient
rehabilitation: a pragmatic trial. Disabil Rehabil. 2024;46:3660—3672. doi:
10.1080/09638288.2023.2255135

Hillier S, English C, Crotty M, Segal L, Bernhardt J, Esterman A. Circuit
class or seven-day therapy for increasing intensity of rehabilitation after
stroke: protocol of the CIRCIT trial. Int J Stroke. 2011,6:660-565. doi:
10.1111/}.1747-4949.2011.00686.x

Pang MY, Harris JE, Eng JJ. A community-based upper-extremity group
exercise program improves motor function and performance of functional
activities in chronic stroke: a randomized controlled trial. Arch Phys Med
Rehabil. 2006;87:1-9. doi: 10.1016/j.apmr.2005.08.113

96.

97.

98.

99.

100.

103.

104.

105.

106.

107.

108.

109.

110.

112

113.

High-Dose, High-Intensity Stroke Rehabilitation

Harris JE, Eng JJ, Miller WC, Dawson AS. A self-administered Graded
Repetitive Arm Supplementary Program (GRASP) improves arm function
during inpatient stroke rehabilitation: a multi-site randomized controlled trial.
Stroke. 2009;40:2123-2128. doi: 10.1161/STROKEAHA.108.544585
Kim GJ, Gahlot A, Magsombol C, Waskiewicz M, Capasso N, Van Lew S,
Kim H, Parnandi A, Dickson VV, Goverover Y. Feasibility of a self-directed
upper extremity training program to promote actual arm use for individuals
living in the community with chronic stroke. Arch Rehabil Res Clin Transl.
2024;6:100316. doi: 10.1016/j.arrct.2023.100316

Putrino D, Krakauer JW. Neurotechnology's prospects for bringing about
meaningful reductions in neurological impairment. Neurorehabil Neural
Repair. 2023;37:356-366. doi: 10.1177/15459683221137341
Reinkensmeyer DJ. Robotic approaches to stroke recovery. In: Cramer SC,
Nudo RJ, eds. Brain Repair After Stroke. Cambridge University Press;
2010:195-205.

Volpe BT, Huerta PT, Zipse JL, Rykman A, Edwards D,
Dipietro L, Hogan N, Krebs HI. Robotic devices as therapeutic and diag-
nostic tools for stroke recovery. Arch Neurol. 2009;66:1086—1090. doi:
10.1001/archneurol.2009.182

. De laco L, Veerbeek JM, Ket JCF, Kwakkel G. Upper limb robots for

recovery of motor arm function in patients with stroke: a system-
atic review and meta-analysis. Neurology. 2024;103:¢209495. doi:
10.1212/WNL.0000000000209495

. Lo AC, Guarino PD, Richards LG, Haselkorn JK, Wittenberg GF

Federman DG, Ringer RJ, Wagner TH, Krebs HI, Volpe BT, et al. Robot-
assisted therapy for long-term upper-limb impairment after stroke. N Eng/
J Med. 2010;362:1772—-1783. doi: 10.1066/NEJM0a0911341

Rodgers H, Bosomworth H, Krebs HI, van Wijck F Howel D, Wilson N,
Aird L, Alvarado N, Andole S, Cohen DL, et al. Robot assisted training for
the upper limb after stroke (RATULS): a multicentre randomised controlled
trial. Lancet 2019;394:51-62. doi: 10.1016/S0140-6736(19)31055-4
Burke Quinlan E, Dodakian L, See J, McKenzie A, Le V, Wojnowicz M,
Shahbaba B, Cramer SC. Neural function, injury, and stroke subtype pre-
dict treatment gains after stroke. Ann Neurol. 2015;77:132-145. doi:
10.1002/ana.24309

Krakauer JW, Reinkensmeyer DJ. Epilogue: robots for neuroreha-
bilitation—the ~debate. In: Reinkensmeyer DJ, Marchal-Crespo L,
DietzV,eds. Neurorehabilitation Technology. SpringerInternational Publishing;
2022:757-764.

Richmond T, Peterson C, Cason J, Bilings M, Terrell EA, Lee ACW,
Towey M, Parmanto B, Saptono A, Cohn ER, et al. American Telemedicine
Association’s principles for delivering telerehabilitation services. Int J
Telerehabil. 2017;9:63-68. doi: 10.56195/ijt.2017.6232

Cramer SC, Dodakian L, Le V, See J, Augsburger R, McKenzie A, Zhou RJ,
Chiu NL, Heckhausen J, Cassidy JM, et al; for the National Institutes of
Health StrokeNet Telerehab Investigators. Efficacy of home-based telere-
habilitation vs in-clinic therapy for adults after stroke: a randomized clinical
trial. JAMA Neurol. 2019;76:1079. doi: 10.1001/jamaneurol.2019.1604
Cramer SC, Le V, Saver JL, Dodakian L, See J, Augsburger R, McKenzie A,
Zhou RJ, Chiu NL, Heckhausen J, et al. Intense arm rehabilitation therapy
improves the modified Rankin Scale score: association between gains
in impairment and function. Neurology. 2021,96:¢1812-e1822. doi:
10.1212/WNL.000000000001 1667

Tyagi S, Lim DSY, Ho WHH, Koh YQ, Cai V, Koh GCH, Legido-Quigley H.
Acceptance of tele-rehabilitation by stroke patients: perceived barriers
and facilitators. Arch Phys Med Rehabil. 2018;99:2472-2477.e2. doi:
10.1016/j.apmr.2018.04.033

Stephenson A, Howes S, Murphy PJ, Deutsch JE, Stokes M, Pedlow K,
McDonough SM. Factors influencing the delivery of telerehabilitation
for stroke: a systematic review. PLoS One. 2022;17:e0265828. doi:
10.1371/journal.pone.0265828

. Krakauer JW, Kitago T, Goldsmith J, Ahmad O, Roy P, Stein J, Bishop L,

Casey K, Valladares B, Harran MD, et al. Comparing a novel neuroanima-
tion experience to conventional therapy for high-dose intensive upper-limb
training in subacute stroke: the SMARTS2 randomized trial. Neurorehabil
Neural Repair. 2021;35:393-405. doi: 10.1177/15459683211000730
Avni |, Arac A, Binyamin-Netser R, Kramer S, Krakauer JW,
Shmuelof L. The kinematics of 3D arm movements in sub-acute stroke:
impaired inter-joint coordination caused by both weakness and flexor
synergy intrusion. Neurorehabil Neural Repair. 2024;38:646-658. doi:
10.1177/1545968324 1268535

Gauthier LV, Nichols-Larsen DS, Uswatte G, Strahl N, Simeo M,
Proffitt R, Kelly K, Crawfis R, Taub E, Morris D, et al. Video game rehabilita-
tion for outpatient stroke (VIGoROUS): a multi-site randomized controlled

May 20256 1363

IN0YLS NI SIISHIAOHINOD



CONTROVERSIES IN STROKE

G20z ‘gz |udy uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Lin et al

114,

115,

116.

17

118.

119.

120.

121.

1364

trial of in-home, self-managed, upper-extremity therapy. EClinicalMedicine.
2022;43:101239. doi: 10.1016/j.eclinm.2021.101239

Godlove J, Anantha V, Advani M, Des Roches C, Kiran S. Comparison
of therapy practice at home and in the clinic: a retrospective analysis of
the constant therapy platform data set. Front Neurol. 2019;10:140. doi:
10.3389/fneur.2019.00140

Des Roches CA, Balachandran |, Ascenso EM, Tripodis Y, Kiran S.
Effectiveness of an impairment-based individualized rehabilitation program
using an iPad-based software platform. Front Hum Neurosci. 2014;8:1015.
doi: 10.3389/fnhum.2014.01015

Cordella C, Kiran S. Quantifying dosage in self-managed speech-language
therapy: exploring components of cumulative intervention intensity in a
real-world mobile health data set. Am J Speech Lang Pathol.
2024;33:1513-15623. doi: 10.1044/2024_AJSLP-23-00285

Rose DK, Winstein CJ, Lewek MD, Plummer P, Lin DJ, Roberts H,
Raghavan P, Taylor SR, Smayda KE, O'Dell MW. Multidisciplinary Delphi
panel on rehabilitation approaches and unmet needs for chronic stroke
walking impairment and the role of rhythmic auditory stimulation. Cureus.
2024;16:€68336. doi: 10.7759/cureus.68336

Awad LN, Jayaraman A, Nolan KJ, Lewek MD, Bonato P, Newman M,
Putrino D, Raghavan P, Pohlig RT, Harris BA, et al. Efficacy and safety
of using auditory-motor entrainment to improve walking after stroke: a
multi-site randomized controlled trial of InTandem(TM). Nat Commun.
2024;15:1081. doi: 10.1038/s41467-024-44791-5

Heredia-Callejon A, Garcia-Perez P, Armenta-Peinado  JA,
Infantes-Rosales MA, Rodriguez-Martinez MC. Influence of the therapeu-
tic alliance on the rehabilitation of stroke: a systematic review of qualita-
tive studies. J Clin Med. 2023;12:4266. doi: 10.3390/jcm 12134266
Chin LF, Rosbergen ICM, Hayward KS, Brauer SG. A self-directed upper
limb program during early post-stroke rehabilitation: a qualitative study
of the perspective of nurses, therapists and stroke survivors. PLoS One.
2022;17:e0263413. doi: 10.1371/journal.pone.0263413

Neibling BA, Jackson SM, Hayward KS, Barker RN. Perseverance with
technology-facilitated home-based upper limb practice after stroke: a
systematic mixed studies review. J Neuroeng Rehabil. 2021;18:43. doi:
10.1186/512984-021-00819-1

May 2025

122,

123.

124.

1256,

126.

127

128.

129.

High-Dose, High-Intensity Stroke Rehabilitation

Chen Y, Chen Y, Zheng K, Dodakian L, See J, Zhou R, Chiu N,
Augsburger R, McKenzie A, Cramer SC. A qualitative study on user ac-
ceptance of a home-based stroke telerehabilitation system. Top Stroke
Rehabil. 2020;27:81-92. doi: 10.1080/10749357.2019.1683792

Platz T, Eickhof C, van Kaick S, Engel U, Pinkowski C, Kalok S, Pause M.
Impairment-oriented training or Bobath therapy for severe arm paresis
after stroke: a single-blind, multicentre randomized controlled trial. Clin
Rehabil. 2005;19:714-724. doi: 10.1191/0269215505cr9040a

Powell MP, Verma N, Sorensen E, Carranza E, Boos A, Fields D, Roy S,
Ensel S, Barra B, Balzer J, et al. Epidural stimulation of the cervical spinal
cord improves voluntary motor control in post-stroke upper limb paresis.
Nat Med. 2023;29:689-699. doi: 10.1101/2022.04.11.22273635
Baker KB, Plow EB, Nagel S, Rosenfeldt AB, Gopalakrishnan R,
Clark C, Wyant A, Schroedel M, Ozinga J, Davidson S, et al. Cerebellar
deep brain stimulation for chronic post-stroke motor reha-
bilitation: a phase | trial. Nat Med. 2023;29:2366-2374. doi:
10.1038/s41591-023-02507-0

Levy RM, Harvey RL, Kissela BM, Winstein CJ, Lutsep HL, Parrish TB,
Cramer SC, Venkatesan L. Epidural electrical stimulation for stroke re-
habilitation: results of the prospective, multicenter, randomized, single-
blinded Everest trial. Neurorehabil Neural Repair. 2016;30:107—119. doi:
10.1177/15645968315575613

Lohse KR, Pathania A, Wegman R, Boyd LA, Lang CE. On the report-
ing of experimental and control therapies in stroke rehabilitation trials:
a systematic review. Arch Phys Med Rehabil. 2018;99:1424~1432. doi:
10.1016/}.apmr.2017.12.024

Hayward KS, Dalton EJ, Barth J, Brady M, Cherney LR, Churilov L,
Clarkson AN, Dawson J, Dukelow SP, Feys P, et al. Control interven-
tion design for preclinical and clinical trials: consensus-based core
recommendations from the third Stroke Recovery and Rehabilitation
Roundtable.  Neurorehabil  Neural ~Repair. 2024;38:30—-40. doi:
10.1177/15459683231209162

Kimberley TJ, Pierce D, Prudente CN, Francisco GE, Yozbatiran N, Smith P,
Tarver B, Engineer ND, Alexander Dickie D, Kline DK, et al. Vagus nerve
stimulation paired with upper limb rehabilitation after chronic stroke.
Stroke. 2018;49:2789-2792. doi: 10.1161/STROKEAHA.118.022279

Stroke. 2025;56:1351-1364. DOI: 10.1161/STROKEAHA.124.043650



