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Abstract Objective: To demonstrate the feasibility of algorithmic prediction using a model of
baseline arm movement, genetic factors, demographic characteristics, and multimodal assess-
ment of the structure and function of motor pathways. To identify prognostic factors and the
biological substrate for reductions in arm impairment in response to repetitive task practice.
Design: This prospective single-group interventional study seeks to predict response to a
repetitive task practice program using an intent-to-treat paradigm. Response is measured as
a change of >5 points on the Upper Extremity Fugl-Meyer from baseline to final evaluation
(at the end of training).

Setting: General community.

Participants: Anticipated enrollment of community-dwelling adults with chronic stroke
(N=96; onset>6mo) and moderate to severe residual hemiparesis of the upper limb as defined
by a score of 10-45 points on the Upper Extremity Fugl-Meyer.

Intervention: The intervention is a form of repetitive task practice using a combination of
robot-assisted therapy coupled with functional arm use in real-world tasks administered over
12 weeks.

Main Outcome Measures: Upper Extremity Fugl-Meyer Assessment (primary outcome), Wolf
Motor Function Test, Action Research Arm Test, Stroke Impact Scale, questionnaires on pain
and expectancy, magnetic resonance imaging, transcranial magnetic stimulation, arm kine-
matics, accelerometry, and a saliva sample for genetic testing.

Results: Methods for this trial are outlined, and an illustration of interindividual variability is
provided by example of 2 participants who present similarly at baseline but achieve markedly
different outcomes.

Conclusion: This article presents the design, methodology, and rationale of an ongoing study to
develop a predictive model of response to a standardized therapy for stroke survivors with
chronic hemiparesis. Applying concepts from precision medicine to neurorehabilitation is prac-
ticable and needed to establish realistic rehabilitation goals and to effectively allocate
resources.

© 2019 The Authors. Published by Elsevier Inc. on behalf of the American Congress of Rehabil-
itation Medicine. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Stroke is a leading cause of long-term disability’ with total
annual direct and indirect costs in the United States pro-
jected to increase from $105.2 billion in 2008 to over $240
billion by 2030.? Recent global trends toward stroke onset
earlier in the lifespan®* and increased survival result in
more individuals living longer with chronic stroke-related
disability,” highlighting the need for effective long-term
rehabilitation strategies. Although decision trees have
been developed and validated to predict spontaneous
recovery during the acute phase,® prediction of therapy-
induced changes during the chronic phase is a poorly
developed area and is complicated by factors related to
deconditioning, compensatory movements, and rehabili-
tation intensity.”’® Chronic stage improvements are
generally reliant on intense task repetition as seen in large
multisite trials of constraint-induced movement therapy
(EXCITE)® and robot-assisted training (VA ROBOTICS),"°
and differences in outcomes may not be associated with
baseline scores'' because they are in the acute phase.
Understanding the potential for rehabilitation and
prediction of recovery beyond the subacute period,
particularly in response to specific therapeutic in-
terventions, is critical to maximizing care use and deliv-
ering personalized therapy.

Systematic reviews suggest that high-dose repetitive
task practice, such as robot-assisted therapy, is beneficial
for arm function'> as well as associated activity-
dependent neuroplasticity after stroke.”> However,
several repetitive task trials have demonstrated modest
and/or equivocal results,'®"*'¢ indicating that response
in chronic stroke may be highly variable. In our prior work,
rather than a universally modest effect across partici-
pants, we see a group with little to no change and another
group with a significant response, even when accounting
for apparent baseline differences.' Differentiating
between these groups by identifying biomarkers
that predict response to a well-regimented therapy
method could allow for more targeted, effective
neurorehabilitation.

The examination of surrogate indicators of the post-
stroke state provide a window into recovery potential,’®
and use of predictive variables for recovery or treatment
response is growing.'” Recent advances in neuroimaging
and neurophysiology provide new methods for examining
brain structure and connectivity for possible biomarkers.
Prior work has correlated changes in resting state connec-
tivity on functional magnetic resonance imaging with motor
recovery during robot-assisted therapy,’® and diffusion
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tensor imaging has been used to demonstrate a relationship
between degree of damage in the corticospinal tract and
impairment.’® Transcranial magnetic stimulation (TMS)
has been used to investigate the structural integrity of
corticospinal pathways, with better upper limb recovery
prognosis when motor-evoked potentials (MEPs) are elicited
within days after stroke.?’?Z? In the chronic phase, MEP
presence is not as reliable a predictor but has been asso-
ciated with better response to an intervention as measured
by the Fugl-Meyer Assessment (FMA) and Wolf Motor Func-
tion Test (WMFT).”?

In concert with neurophysiology, genetic factors are likely
to influence central nervous system responses to motor
experience’® and have been suggested to affect stroke re-
covery.”® Among the potential candidate genes is brain-
derived neurotrophic factor (BDNF),%¢ which has a common
polymorphism known to affect motor function and plas-
ticity.?*?’ Recently, BDNF genotype was shown to be asso-
ciated with motor outcomes for the arm and was a predictor
for patients with severe baseline motor deficits in the sub-
acute phase of recovery.”® Other polymorphisms that affect
function of biogenic amines, including catechol-O-
methyltransferase (COMT) and dopamine transporter,”’ are
known to influence mediation of dopaminergic systems.
Dopamine activity levels in the brain are documented both to
be affected by stroke and to influence poststroke motor re-
covery.>° Klotho, a gene with a polymorphism related to
lifespan, has been associated with cognition and neuro-
plasticity.®' We are interested in assessing the beneficial or
deleterious role of each of these genetic factors in predicting
motor neurorehabilitation and treatment response.

While severity of motor deficits has long been used as a
primary predictor of functional outcome, new tools and
applications provide fresh potential and nuance. Robot-
derived kinematic evaluation allows for more precise
measurement and characterization of motor deficits and
has been modeled as a predictor of early stroke recovery.*?
Pain is an underrecognized consequence of stroke,** and
pain behaviors may limit participation in rehabilitative
therapies, suggesting pain’s potential predictive role in
outcome and participation. The expectancy theory of
motivation to predict outcomes in stroke rehabilitation is
an additional area of increasing interest.>

The purpose of this study is to identify baseline prog-
nostic factors in chronic stroke that influence motor
recovery in response to repetitive task practice and to
develop a predictive model of response to a standardized
intervention for the upper limb. In this manner, we propose
to contribute to understanding the mechanisms of recovery
and develop an algorithm to better match patients in the
chronic phase to effective therapy based on their individual
behavioral, neurophysiological, and genetic composition.

Methods

Study design

Basis

The present single-group predictive study is based on
a previous 12-week randomized controlled trial comparing
2 robot-assisted therapy paradigms in stroke survivors

with chronic hemiparesis." In that prior study,
behavioral,demographic, and electrophysiological baseline
variables correlated with changes in FMA and WMFT. Those
correlations along with larger trends toward precision
medicine in other practice areas contributed to the
conceptualization of our predictive model of response. To
be included participants must be 18 years or older with
stroke onset >6 months, have mild or moderate to severe
arm impairment (FMA score, 10-45), be free of serious
medical complications, and be free of upper extremity
botulinum toxin for >4 months prior to enrollment. All
participants provided written informed consent, and the
study was approved by the local institutional review board.

Treatment regimen

All eligible participants are assigned to the same repetitive
task practice regimen consisting of 1-hour sessions with 45
minutes of robot-assisted therapy followed by 15 minutes of
transition-to-task functional arm use activities (fig 1). This
intervention is performed approximately 3 times per week
for 12-18 weeks for a target maximum of 36 sessions. The
training progression is sequential with the first 12 sessions
focused on distal movements, followed by 12 sessions of
proximal movements, and concluding with 12 sessions
alternating between the 2. This progression is achieved using
either a combination of the InMotion2 wrist robot and
InMotion2 shoulder/elbow robot® or appropriate games on
the ArmeoPower robot.”

One quarter of each intervention session is composed of
transition-to-task training, which involves repetitive func-
tional arm use in domains such as homemaking, hygiene,
feeding, and dressing. This sequence is consistent with
Brokaw et al who demonstrated distinct robot-mediated
improvements and greater gains when robotic therapy
preceded conventional.®®> These seated tabletop activities
are selected by a therapist and performed under supervi-
sion to discourage compensatory movements and maximize
use of available motor control.

Intent to treat and retention

Following an intent-to-treat paradigm, participants are
encouraged to attend all evaluations even if they do not
complete the full 36 intervention sessions in the allotted
time. Number of sessions completed and reasons for with-
drawal are documented.

Tests and procedures

Overview

Participants are evaluated at 5 time points during the study
(fig 2): baseline, post 1 (after 12 sessions), post 2 (after 24
sessions), final (after 36 sessions or 18wk), and follow-up
(3mo after final). Assessments can be grouped into 3
domains: basic and self-report, motor, and neurophysio-
logical. Participants’ baseline measures serve as potential
inputs for prediction of the primary outcome: change in
FMA score from baseline to final assessment.

Basic and self-report
At the outset of study participation, demographic data are
collected, stroke history is confirmed via medical records,
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Screened
n=93 l
Excluded
Screened out: n=25
Declined to participate: n=16
Pending: n=4
Inclusion Criteria
1. Clinically defined, unilateral, hemiparetic stroke with radiologic exclusion of
other possible diagnosis
2. Stroke onset at least 6 months before enroliment
3. Present with mild/moderate to severe arm dysfunction (based on Fugl-Meyer
score of 10-45)
4. Be medically stable to participate in the study and interventional training
Exclusion Criteria
1. Unable to give informed consent
2. Have a serious complicating medical illness, contractures or orthopedic
problems in the potential study arm, or visual loss that would preclude
participation
3. Botulinum toxin to study arm within four months of enrollment or during the
study period
4. Unable to comply with the requirements of the study

i

Consented
n=48

-

Baseline Testing

l

Excluded
Withdrawn: n=12
Lost to follow-up: n=2

Intervention
36 sessions of robot-assisted therapy and
transition to task training

|

Outcome Assessments
4, 8, 12, and 24 weeks

l

Participants To Date
Completed: n=28
Ongoing: n=6

Fig 1  Study flow (Consolidated Standards of Reporting Trials diagram).

and a medical evaluation is completed by a neurologist.
Self-reported questionnaires are administered during
baseline testing. Specifically, the Stroke Impact Scale is a
structured interview designed to assess physical, cognitive,
and emotional changes contributing to poststroke quality of
life. Higher scores indicate greater function and life satis-
faction.>® The Brief Pain Inventory*” is collected to measure

both pain severity and interference in activities. We mea-
sure expectancy using the brief 3-item Adapted Credibility/
Expectancy Questionnaire.3®

Motor
The upper extremity portion of the FMA®® is a stroke-
specific measure of impairment and is the primary
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Baseline Timepoint

Basic/Self-Report

Post 1 Timepoint
(after session 12)

Motor

Post 2 Timepoint
(after session 24)

Motor

‘ Final Timepoint
(after session 36)

Basic/Self-Report

Follow-up Timepoint
(after retention period)

Motor

Strength/ROM (x2)
Robot kinematic
assessment

. Accelerometry*

Neurophysiological

. MRI
. T™MS
. Saliva DNA

. History and Physical . FMA L FMA * sIs . FMA

. Demographics . ARAT . ARAT . ARAT

. BPI . WMET . WMFT Motor . WMFT

. ACEQ . Strength/ROM . Strength/ROM . FMA . Strength/ROM

. SIS . Robot kinematic . Robot kinematic . ARAT . Robot kinematic

assessment . WMFT assessment
Motor assessment . Strength/ROM

FMA (x2) . Robot kinematic Neurophysiological
ARAT (x2) assessment . TMS
WMFT (x2) . Accelerometry*

Neurophysiological
. T™S

Baseline Period
6 weeks

Intervention Period
36 sessions over 12-18 weeks

Retention Period
12 weeks

*Baseline accelerometry is collected during the first week of intervention; final accelerometry is collected during the last week of intervention

Fig 2
range of motion; SIS, Stroke Impact Scale.

outcome variable for the planned predictive model. The
assessment has demonstrated high interrater and test-
retest reliability and construct validity.*° It was chosen
because of its responsiveness to change in moderately to
severely impaired stroke survivors’® and because its wide-
spread use allows for comparison with other rehabilitation
studies.

The Action Research Arm Test (ARAT)*' evaluates grasp,
grip, pinch, and gross movement of the upper extremity
by observation during a set of graded functional or
quasi-functional tasks. The 6-item WFMT was chosen for
comparability with other rehabilitation studies and good
sensitivity in the population with chronic stroke.*? Addi-
tional upper extremity measures include active and passive
range of motion measurements, manual muscle tests of
shoulder abduction and finger extension,® and grip strength
dynamometry.

Kinematic assessments are completed using the InMo-
tion2 robot evaluation, described in the literature,* and
involve unassisted reaching for a series of point-to-point
targets, reaching against resistance, response to pertur-
bation, and circle drawing. Variables assessed include
initiation time, distance from target, movement time, peak
velocity, mean velocity, number of targets hit, and path
ratio. These assessments provide a quantitative charac-
terization of motor function* and track with clinical arm
assessments.*

Accelerometers are used to quantify duration and
intensity of daily arm activity in stroke survivors and to
measure the ratio of use of the affected vs unaffected
arm.”®*” At the beginning and end of the intervention
period, participants wear 3-axis accelerometers® on both
wrists with a nonremovable wrist band to record 3 full days
of data.*®

Tests and procedures. Abbreviations: ACEQ, Adapted Credibility/Expectancy Questionnaire; BPI, Brief Pain Inventory; ROM,

Neurophysiological

Magnetic resonance imaging (MRI) was obtained using a 3T
Siemens Tim-Trio® scanner for the initial 13 participants
and then upgraded to a 3T Siemens Prisma® for subsequent
participants. The MRI protocol consists of the following:
high-resolution anatomic imaging (ie, MPRAGE, FLAIR, T2)
to identify regions affected by stroke and determine re-
gions of brain activation in functional imaging protocols,
arterial spin labeling scans (pseudocontinuous sequence) to
account for vascularization differences across participants,
resting state functional magnetic resonance imaging (two
10-min scans) to assess functional connectivity, and finally,
diffusion tensor imaging to assess integrity of white matter
tracts using fractional anisotropy analysis. These measures
of structural integrity, functional connectivity, and neuro-
physiology will serve as potential variables in the predictive
model.

TMS is performed using a MagStim 200 magnetic stim-
ulator® to assess neurophysiological corticospinal integrity.
Surface electromyography’ is used to record muscle activity
from 3 muscles (first dorsal interosseous, extensor carpi
radialis [ECR], and anterior deltoid [AD]) for both paretic
and nonparetic arms. Signal® scripts are used to drive
single-pulse TMS and collect simultaneous electromyog-
raphy data through a Power 1401 (CED) system. Neuro-
navigation software (Brainsight)” records 3-dimensional
coordinates of each TMS stimulation site, measured using
an optical digitizing device and matched to the individual’s
MRI, ensuring reproducible locations.

TMS at 100% maximum stimulator output is used to
identify the hotspot for each muscle from a 3x3 grid
centered on the hand knob for both paretic and nonparetic
sides. At the identified hotspot for each muscle, if the
mean MEP>0.05 mV, the resting motor threshold (RMT) is
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1) Hotspot Identification

S

MEP20.05 mV

Present .
S 1 point

SN J

Absent

Scoring Key
This sequence is performed for each of 3 muscles:
First Dorsal Interosseous (FDI)
Extensor Carpi Radialis (ECR)
Anterior Deltoid (AD)

Resulting in up to 3 points per muscle for a
Total Score Range=0-9

2) Resting Motor Threshold

0 points

N

Stimulation Intensity for
MEP20.05 mV on
at least 5/10 trials

Absent

ECR

AD

Fig 3

determined. The RMT is defined as the minimal amount of
stimulation needed to evoke MEPs>0.05 mV on at least 5 of
10 trials.*’ If an RMT could be identified, then a recruitment
curve of corticospinal excitability is established’; the
range of stimulation intensities is anatomically defined
from the RMT of the muscle of interest to the RMT of the
nearest muscle (ie, ECR for first dorsal interosseous, AD for
ECR, ECR for AD). A recruitment curve is then collected
from 3 trials at each of 8 stimulation intensities within this
range. For each muscle, a score is calculated assigning 1
point each for presence of MEPs, establishment of an RMT,
and presence of a recruitment curve with positive
slope>0.025. The slope value is derived based on the 95th
percentile in a sample of healthy adults (M.A. Dimyan,
unpublished data, 2019). Thus, scores for each muscle can
range from 0-3, and total neurophysiological corticospinal
integrity scores on each side can range from 0-9 (fig 3).

Genetic polymorphisms in 4 genes related to brain
plasticity are analyzed by polymerase chain reaction and
targeted sequencing for each participant. They are BDNF,
COMT, dopamine transporter, and Klotho, which are related
to growth, dopamine (COMT and dopamine transporter),
and aging, respectively. A saliva collection kit (Oragene
OGR-500)" is being used during baseline evaluations. An
alternative pediatric collection kit (Oragene OC-175)' with
sponge tips is used for participants who have difficulty
providing a sample.

Present

3) Recruitment Curve

N

Positive Slope=0.025

Yes
—
/
N J
No

Neurophysiological corticospinal integrity score.

Data management

All data are collected according to written instructions for
each study procedure. Evaluations are conducted by ex-
aminers trained and assessed for reliability. To establish
interrater reliability, 3 examiners viewed videotapes of
FMA, WMFT, and ARAT administration. All discrepancies
were discussed and the written instructions clarified until
agreement reached 100%. Completed assessment forms are
stored under a study identifier, entered into our research
database by a study staff member, and then verified with
the source document by a second staff member to ensure
accuracy.

Analytical plans

Prediction model

Logistic regression models will be developed on the primary
binary outcome of increase in FMA score>4 points at final
evaluation, which is considered the minimal clinically
important difference.®' A variety of techniques for model
development are available based on final sample size and
number of predictors selected. One traditional technique
for variable selection is stepwise regression, which does not
impose any penalty for including too many variables.
Alternatively, ridge regression, least absolute shrinkage and
selection operator (LASSO), and elastic net fall into a class
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Table 1  Current enrollment demographics
Characteristic (N=28)
Age, mean (range) (y) 62 (38-87)
Sex, n female (%) 9 (32.1)
Race, n (%)
African American/black 16 (57.1)
White 12 (42.9)
Oxfordshire classification, n (%)
Not applicable, primary hemorrhage 4 (14.3)
Lacunar 11 (39.3)
Partial anterior circulation 8 (28.6)
Total anterior circulation 2 (7.1)
Posterior circulation 3 (10.7)

Time since stroke, mean (range) (mo)
Handedness-affected
upper extremity, n (%)

63.7 (9-264.3)

Right-right 11 (39.3)
Right-left 12 (42.9)
Left-left 4 (14.3)
Ambidextrous-right 1(3.6)
Baseline Outcome Measures, mean £ SD

Fugl-Meyer Upper Extremity Score 20.1+10.0
Wolf Motor Function Test (s) 84.7+40.8
Action Research Arm Test 15.4+15
Stroke Impact Scale-Hand Subscale 22.9+30.3

of regularization methods developed to improve variable
selection with a penalty imposed for overfitting. Ridge
regression imposes a penalty on the absolute size of the
regression coefficients. LASSO regularization in logistic
regression penalizes the absolute size of the regression
coefficients such that some are shrunk to 0.°? Elastic net
regularization, which penalizes both the absolute size and
the squared regression coefficients, incorporates both ridge
regression and LASSO. Elastic nets work well even for highly
correlated predictors.”®>* We will develop several predic-
tion models: (1) demographic variables only, (2) 1 plus
measures of motor ability, (3) 2 plus neurophysiological
data, and (4) 3 plus genomics data. The summary statistics
of the area under the receiver operating characteristic
curve (AUROC) will be used to measure prediction perfor-
mance. Sensitivity and specificity, positive predictive
value, and negative predictive value®® will be calculated
from the optimal threshold determined by Youden index.>®

The prediction models will be cross-validated by training
and testing methodology.*® To investigate if additional data
will improve prediction performance, comparison of
AUROCs between prediction models will be tested by the
DeLong method.>® The significance of the comparison will

indicate whether a prediction model with additional data
adds value and improves predictive power.

Sample size and current enrollment

Projected sample size was calculated based on estimating
the AUROC with adequate precision.”’ We anticipate
enrollment of 96 individuals with 12% attrition resulting in a
final sample of 85. At the time of writing, we have enrolled
48 participants, 28 of whom have completed the study
through the final evaluation time point (table 1). While we
are not undertaking a preliminary analysis of a predictive
model, we present 2 participants (table 2) who illustrate
the variability in response to repetitive task practice among
individuals with similar arm impairment at baseline.

Discussion

In summary, we are undertaking a single-arm trial of robot-
assisted repetitive task practice to reduce upper extremity
motor impairment in patients with chronic stroke. The goal
of the trial is to discover baseline factors that predict
clinically meaningful improvement. Potential predictors
include measures of motor impairment, demographics,
pain, expectancy, and neurophysiology, including response
to TMS, neuroimaging, and plasticity-related gene
polymorphisms.

For survivors of stroke, particularly those with residual
hemiparesis, there is beginning recognition of the impor-
tance of rehabilitation not simply for a discrete time period
after the event but rather, as a lifelong practice. We now
know that not only maintenance of function but actual
motor recovery is possible long after the initial insult.”®
Yet, answering the questions of how much and for whom
remains a challenge, particularly at the individual level.
Participants A and B, presented in table 2, exemplify the
difficulty clinicians face when setting expectations with
patients. On clinical assessment, these participants appear
nearly identical and have matched scores on the FMA and
WMFT. Participant B is younger, his stroke is more recent,
and he scores better on the Stroke Impact Scale Hand
subscale; Participant A scores a few points higher on the
ARAT, but he is a decade older and more than 20 years have
passed since his stroke. We seek to better understand why
participant A responds to repetitive task practice while
participant B does not.

Study limitations

Pursuit of prognostic accuracy in neurorehabilitation is
fraught with challenges: limited reproducibility of many

Table 2  Participant comparison

Participants Baseline Measures” Outcomes
Participant  pemographics  Stroke Type  Time Since  FMA  WMFT (time, score) ARAR SIS Hand  Final FMA  FMAA
A 78-y/0 man Lacunar 264 mo 19 103.7s, 1.17 12 40 30 11
B 66-y/0 man Lacunar 63 mo 18.5 103.98s, 1.17 55 80 18 -0.5

Abbreviations: SIS, Stroke Impact Scale; y/o, year-old.

* Range of possible scores: FMA (0-66), WMFT (up to 120s, 0-6), ARAT (0-57), SIS Hand (0-100); for all assessments higher score in-

dicates improved limb use with the exception of WFMT time.
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therapeutic interventions, how to measure improvement,
and the necessary scale of this type of clinical trial. To meet
the challenge of reproducibility, this study has used a form of
repetitive task practice that can be recreated not only on
multiple robotic systems but also via intensive nonrobotic
training. The VA ROBOTICS study demonstrated no differ-
ence in average outcome between robotic rehabilitation and
a closely matched nonrobotic system of practice, '° and there
is little reason to believe that predictive factors would vary
widely depending on the specific methodology. In measuring
improvement, each outcome tool imposes its own limita-
tions. The widespread use of the FMA and its position along
the continuum between precision of measurement and
functional relevance made it the most reasonable starting
point for prediction. Future directions may explore the use of
alternative measures. Large-scale neurorehabilitation
studies are exigent but achievable, as demonstrated by the
successful completion of trials such as EXCITE and SCILT, but
should not be undertaken without a firm conceptual basis.>®
Prior work in chronic-phase rehabilitation, neuroimaging and
neurophysiology, motor recovery algorithms, and genetics of
plasticity provided the necessary foundation to take this
next step toward precision medicine in neurorehabilitation
for chronic stroke. Future work should address some limita-
tions discussed here as well as validation of the model
developed, particularly novel components such as the
scoring system for neurophysiological corticospinal integrity.
In summary, the goal of this trial is to identify baseline bio-
markers that predict clinically meaningful reduction in arm
impairment in response to a standardized therapy and to
demonstrate the feasibility of developing a subsequent
predictive model.
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. Surface electromyograph; B&L Engineering.

. Signal; Cambridge Electronic Design Ltd.

. Brainsight; Rogue Research Inc.

. Oragene OGR-500; Oragene OC-175; DNAGenotek.

o N T o

— Jua — M

Corresponding author

Stacey Harcum, MPH, MS, OTR/L, Baltimore VA Medical
Center 10 N. Greene St, Baltimore, MD 21201. E-mail
address: stacey.harcum@va.gov.

References

1. Benjamin EJ, Blaha MJ, Chiuve SE, et al. Heart disease and
stroke statistics-2017 update: a report from the American
Heart Association. Circulation 2017;135:e146-603.

2. Ovbiagele B, Goldstein LB, Higashida RT, et al. Forecasting the
future of stroke in the United States: a policy statement from

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

the American Heart Association and American Stroke Associa-
tion. Stroke 2013;44:2361-75.

. Bejot Y, Delpont B, Giroud M. Rising stroke incidence in young

adults: more epidemiological evidence, more questions to be
answered. J Am Heart Assoc 2016;5:e003661.

. Ramirez L, Kim-Tenser MA, Sanossian N, et al. Trends in acute

ischemic stroke hospitalizations in the United States. J Am
Heart Assoc 2016;5:€003661.

. Murray CJ, Atkinson C, Bhalla K, et al. The state of US health,

1990-2010: burden of diseases, injuries, and risk factors. JAMA
2013;310:591-608.

. Stinear CM, Byblow WD, Ackerley SJ, Smith MC, Borges VM,

Barber PA. PREP2: a biomarker-based algorithm for predicting
upper limb function after stroke. Ann Clin Transl Neurol 2017;
4:811-20.

. Stinear CM, Byblow WD. Predicting and accelerating motor

recovery after stroke. Curr Opin Neurol 2014;27:624-30.

. Krakauer JW, Carmichael ST, Corbett D, Wittenberg GF. Get-

ting neurorehabilitation right: what can be learned from ani-
mal models? Neurorehabil Neural Repair 2012;26:923-31.

. Wolf SL. Effect of constraint-induced movement therapy on

upper extremity function 3 to 9 months after stroke: the
EXCITE randomized clinical trial. JAMA 2006;296:2095-104.

Lo AC, Guarino PD, Richards LG, et al. Robot-assisted therapy
for long-term upper-limb impairment after stroke. N Engl J
Med 2010;362:1772-83.

Wu X, Guarino P, Lo AC, Peduzzi P, Wininger M. Long-term
effectiveness of intensive therapy in chronic stroke. Neuro-
rehabil Neural Repair 2016;30:583-90.

Pollock A, Farmer SE, Brady MC, et al. Interventions for
improving upper limb function after stroke. Cochrane Database
Syst Rev 2014;11:CD010820.

Veerbeek JM, van Wegen E, van Peppen R, et al. What is the
evidence for physical therapy poststroke? A systematic review
and meta-analysis. PLoS One 2014;9:e87987.

Conroy SS, Wittenberg GF, Krebs HI, Zhan M, Bever CT,
Whitall J. Robot-assisted arm training in chronic stroke: addi-
tion of transition-to-task practice. Neurorehabil Neural Repair
2019;33:751-61.

Bernhardt J, Borschmann K, Boyd L, et al. Moving rehabilitation
research forward: developing consensus statements for reha-
bilitation and recovery research. Int J Stroke 2016;11:454-8.
Rodgers H, Bosomworth H, Krebs HI, et al. Robot assisted
training for the upper limb after stroke (RATULS): a multi-
centre randomised controlled trial. Lancet 2019;394:51-62.
Kim B, Winstein C. Can neurological biomarkers of brain
impairment be used to predict poststroke motor recovery? A
systematic review. Neurorehabil Neural Repair 2017;31:3-24.
Varkuti B, Guan C, Pan Y, et al. Resting state changes in
functional connectivity correlate with movement recovery for
BCl and robot-assisted upper-extremity training after stroke.
Neurorehabil Neural Repair 2013;27:53-62.

Lindenberg R, Renga V, Zhu LL, Nair D, Schlaug G. Bihemi-
spheric brain stimulation facilitates motor recovery in chronic
stroke patients. Neurology 2010;75:2176-84.

Rapisarda G, Bastings E, de Noordhout AM, Pennisi G,
Delwaide PJ. Can motor recovery in stroke patients be pre-
dicted by early transcranial magnetic stimulation? Stroke 1996;
27:2191-6.

Escudero JV, Sancho J, Bautista D, Escudero M, Lopez-Trigo J.
Prognostic value of motor evoked potential obtained by trans-
cranial magnetic brain stimulation in motor function recovery in
patients with acute ischemic stroke. Stroke 1998;29:1854-9.
Cruz Martinez A, Tejada J, Diez Tejedor E. Motor hand recovery
after stroke. Prognostic yield of early transcranial magnetic
stimulation. Electromyogr Clin Neurophysiol 1999;39:405-10.
Wittenberg GF, Richards LG, Jones-Lush LM, et al. Predictors
and brain connectivity changes associated with arm motor


mailto:staceyharcumvagov
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref1
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref1
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref1
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref2
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref2
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref2
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref2
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref3
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref3
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref3
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref4
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref4
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref4
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref5
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref5
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref5
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref6
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref6
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref6
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref6
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref7
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref7
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref8
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref8
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref8
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref9
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref9
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref9
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref10
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref10
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref10
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref11
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref11
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref11
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref12
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref12
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref12
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref13
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref13
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref13
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref14
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref14
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref14
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref14
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref15
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref15
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref15
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref16
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref16
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref16
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref17
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref17
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref17
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref18
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref18
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref18
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref18
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref19
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref19
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref19
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref20
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref20
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref20
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref20
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref21
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref21
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref21
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref21
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref22
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref22
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref22
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref23
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref23

Predictors in chronic stroke methods

9

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

function improvement from intensive practice in chronic
stroke. F1000Res 2016;5:2119.

McHughen SA, Rodriguez PF, Kleim JA, et al. BDNF val66met
polymorphism influences motor system function in the human
brain. Cereb Cortex 2010;20:1254-62.

Pearson-Fuhrhop KM, Burke E, Cramer SC. The influence of
genetic factors on brain plasticity and recovery after neural
injury. Curr Opin Neurol 2012;25:682-8.

Ghosh A, Carnahan J, Greenberg M. Requirement for BDNF in
activity-dependent survival of cortical neurons. Science 1994;
263:1618-23.

Kleim JA, Chan S, Pringle E, et al. BDNF val6é6met poly-
morphism is associated with modified experience-dependent
plasticity in human motor cortex. Nature Neurosci 2006;9:
735-7.

Chang WH, Park E, Lee J, Lee A, Kim YH. Association between
brain-derived neurotrophic factor genotype and upper ex-
tremity motor outcome after stroke. Stroke 2017;48:1457-62.
Gower A, Tiberi M. The intersection of central dopamine sys-
tem and stroke: potential avenues aiming at enhancement of
motor recovery. Front Synaptic Neurosci 2018;10:18.

Kim BR, Kim HY, Chun YI, et al. Association between genetic
variation in the dopamine system and motor recovery after
stroke. Restor Neurol Neurosci 2016;34:925-34.

Dubal DB, Zhu L, Sanchez PE, et al. Life extension factor klotho
prevents mortality and enhances cognition in hAPP transgenic
mice. J Neurosci 2015;35:2358-71.

Krebs HI, Krams M, Agrafiotis DK, et al. Robotic measurement
of arm movements after stroke establishes biomarkers of
motor recovery. Stroke 2014;45:200-4.

Harrison RA, Field TS. Post stroke pain: identification, assess-
ment, and therapy. Cerebrovasc Dis 2015;39:190-201.
Groeneveld IF, Goossens PH, van Braak I, et al. Patients’
outcome expectations and their fulfilment in multidisciplinary
stroke rehabilitation. Ann Phys Rehabil Med 2019;62:21-7.
Brokaw EB, Nichols D, Holley RJ, Lum PS. Robotic therapy
provides a stimulus for upper limb motor recovery after stroke
that is complementary to and distinct from conventional
therapy. Neurorehabil Neural Repair 2014;28:367-76.

Duncan PW, Wallace D, Lai SM, Johnson D, Embretson S, Laster LJ.
The Stroke Impact Scale version 2.0. Evaluation of reliability,
validity, and sensitivity to change. Stroke 1999;30:2131-40.
Cleeland CS, Ryan KM. Pain assessment: global use of the Brief
Pain Inventory. Ann Acad Med Singapore 1994;23:129-38.
Devilly GJ, Borkovec TD. Psychometric properties of the
credibility/expectancy questionnaire. J Behav Ther Exp Psy-
chiatry 2000;31:73-86.

Fugl-Meyer AR, Jaasko L, Leyman I, Olsson S, Steglind S.
The post-stroke hemiplegic patient. 1. A method for eval-
uation of physical performance. Scand J Rehabil Med 1975;
7:13-31.

Gladstone DJ, Danells CJ, Black SE. The Fugl-Meyer Assessment of
Motor Recovery after Stroke: a critical review of its measurement
properties. Neurorehabil Neural Repair 2002;16:232-40.

Lyle RC. A performance test for assessment of upper limb
function in physical rehabilitation treatment and research. Int
J Rehabil Res 1981;4:483-92.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Bogard K, Wolf S, Zhang Q, Thompson P, Morris D, Nichols-
Larsen D. Can the Wolf Motor Function Test be streamlined?
Neurorehabil Neural Repair 2009;23:422-8.

Finley MA, Fasoli SE, Dipietro L, et al. Short-duration robotic
therapy in stroke patients with severe upper-limb motor
impairment. J Rehabil Res Develop 2005;42:683-92.

. Dipietro L, Krebs HI, Volpe BT, et al. Learning, not adaptation,

characterizes stroke motor recovery: evidence from kinematic
changes induced by robot-assisted therapy in trained and un-
trained task in the same workspace. IEEE Trans Neural Syst
Rehabil Eng 2012;20:48-57.

Bosecker C, Dipietro L, Volpe B, Krebs HI. Kinematic robot-
based evaluation scales and clinical counterparts to measure
upper limb motor performance in patients with chronic stroke.
Neurorehabil Neural Repair 2010;24:62-9.

Uswatte G, Giuliani C, Winstein C, Zeringue A, Hobbs L,
Wolf SL. Validity of accelerometry for monitoring real-world
arm activity in patients with subacute stroke: evidence from
the extremity constraint-induced therapy evaluation trial.
Arch Phys Med Rehabil 2006;87:1340-5.

Bailey RR, Klaesner JW, Lang CE. Quantifying real-world upper-
limb activity in nondisabled adults and adults with chronic
stroke. Neurorehabil Neural Repair 2015;29:969-78.

Lang CE, Waddell KJ, Klaesner JW, Bland MD. A method for
quantifying upper limb performance in daily life using accel-
erometers. J Vis Exp 2017;122.

Rothwell JC, Hallett M, Berardelli A, Eisen A, Rossini P,
Paulus W. Magnetic stimulation: motor evoked potentials. The
International Federation of Clinical Neurophysiology. Electro-
encephalogr Clin Neurophysiol Suppl 1999;52:97-103.
Graziano M. The organization of behavioral repertoire in motor
cortex. Ann Rev Neurosci 2006;29:105-34.

Page SJ, Fulk GD, Boyne P. Clinically important differences for
the upper-extremity Fugl-Meyer Scale in people with minimal
to moderate impairment due to chronic stroke. Phys Ther
2012;92:791-8.

Tibshirani R. Regression shrinkage and selection via the lasso. J
R Stat Soc Series B Methodol 1996:267-88.

Friedman J, Hastie T, Tibshirani R. Regularization paths for
generalized linear models via coordinate descent. J Stat Softw
2010;33:1.

Zou H, Hastie T. Regularization and variable selection via the
elastic net. J R Stat Soc Series B Methodol 2005;67:301-20.
Krzanowski WJ, Hand DJ. ROC curves for continuous data. Boca
Raton: Chapman and Hall/CRC; 2009.

Mackenzie CF, Wang Y, Hu PF, et al. Automated prediction of
early blood transfusion and mortality in trauma patients. J
Trauma Acute Care Surg 2014;76:1379-85.

Hanley JA, McNeil BJ. The meaning and use of the area under a
receiver operating characteristic (ROC) curve. Radiology 1982;
143:29-36.

Teasell R, Mehta S, Pereira S, et al. Time to rethink long-term
rehabilitation management of stroke patients. Top Stroke
Rehabil 2012;19:457-62.

Dobkin BH. Confounders in rehabilitation trials of task-oriented
training: lessons from the designs of the EXCITE and SCILT
multicenter trials. Neurorehabil Neural Repair 2007;21:3-13.


http://refhub.elsevier.com/S2590-1095(19)30026-6/sref23
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref23
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref24
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref24
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref24
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref25
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref25
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref25
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref26
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref26
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref26
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref27
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref27
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref27
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref27
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref28
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref28
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref28
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref29
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref29
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref29
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref30
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref30
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref30
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref31
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref31
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref31
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref32
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref32
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref32
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref33
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref33
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref34
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref34
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref34
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref35
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref35
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref35
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref35
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref36
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref36
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref36
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref37
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref37
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref38
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref38
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref38
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref39
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref39
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref39
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref39
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref40
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref40
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref40
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref41
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref41
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref41
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref42
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref42
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref42
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref43
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref43
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref43
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref44
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref44
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref44
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref44
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref44
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref45
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref45
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref45
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref45
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref46
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref46
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref46
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref46
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref46
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref47
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref47
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref47
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref48
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref48
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref48
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref49
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref49
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref49
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref49
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref50
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref50
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref51
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref51
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref51
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref51
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref52
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref52
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref53
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref53
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref53
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref54
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref54
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref55
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref55
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref56
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref56
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref56
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref57
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref57
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref57
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref58
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref58
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref58
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref59
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref59
http://refhub.elsevier.com/S2590-1095(19)30026-6/sref59

	Methods for an Investigation of Neurophysiological and Kinematic Predictors of Response to Upper Extremity Repetitive Task  ...
	Methods
	Study design
	Basis
	Treatment regimen
	Intent to treat and retention

	Tests and procedures
	Overview
	Basic and self-report
	Motor
	Neurophysiological
	Data management

	Analytical plans
	Prediction model
	Sample size and current enrollment


	Discussion
	Study limitations

	Suppliers
	Corresponding author
	References


