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Abstract

Previous studies have shown that multiple sessions of reach training lead to long-term
improvements in movement time and smoothness in individuals post-stroke. Yet, such long-term
training regimens are often difficult to implement in actual clinical settings. Here, we evaluated the
long-term and generalization effects of short-duration and intensive reach training in 16
individuals with chronic stroke and mild to moderate impairments. Participants performed two
sessions of unassisted intensive reach training, with 600 movements per session, and with display
of performance-based feedback after each movement. The participants’ trunks were restrained
with a belt to avoid compensatory movements. Training resulted in significant and durable (1-
month) improvements in movement time (20.4% on average) and movement smoothness (22.7%
on average). The largest improvements occurred in individuals with the largest initial motor
impairments. In addition, training induced generalization to non-trained targets, which persisted in
1-day and in 1-month retention tests. Finally, there was a significant improvement in the Box and
Block test from baseline to 1-month retention test (23% on average). Thus, short-duration and
intensive reach training can lead to generalized and durable benefits in individuals with chronic
stroke and mild to moderate impairments.
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Introduction

About 65% of stroke survivors experience long-term limitations in upper extremity (UE)

functions™. In particular, limitations in arm reaching movements are prominent and correlate
. . . 23 .

strongly with patients’ general impairment levels™ . After stroke, reaching movements often

show increased movement time, multiple velocity peaks, and high variability2v4'5.
S o - L Lo 87
Movements in directions that require inter-joint coordination are most impaired .
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Rehabilitation of UE functions in individuals post-stroke is clinically important because a
substantial number of daily activities involve use of the arms and handss. Task-specific
intensive training over multiple sessions can improve UE function™22. In particular,
. . . . . S 101222 .
multiple sessions of reach training, with or without rehabilitation robotsg' 012 , improve
1213171822 10_12 1419 20
movement speed and smoothness™ "+ ST

, as well as clinical task scores ,
. 1214 - . 12 14
long-term gains™ ", and generalization to untrained tasks™ " .

In clinical practice, however, both overall training time and the number of sessions are
typically smaller than in clinical trialszs‘ze. It is therefore of high clinical importance to
develop short-duration UE training methods that lead to long-lasting gains and that
generalize beyond the trained tasks. The following studies have reported effects of short-
duration training on UE function post-stroke. First, seventy reach trials in one session
improved movement time and elbow-shoulder coordination”. Second, sixty reach-to-grasp
trials in one session with trunk restraint induced more elbow extension, improved inter-joint
coordination, and reduced trunk movements>". Third, two hundred reach trials in one session
improved response time; the improvements were maintained at 24 hours, but not at 1
month”®, Finally, training on a specific (feeding) task for 50 trials per day for 5 consecutive
days improved performance and generalized two other untrained task521. These studies thus
provide limited evidence (Class I, Level 829) that short-duration reach training promote
short-term gains in UE performance post-stroke. The effects of short-duration training on
long-term gains, however, remain unclear.

Our purpose in this feasibility study is to evaluate the long-term and generalization effects of
short-duration intensive reach training in individuals with chronic stroke and mild to
moderate impairments. Previous research suggests that training of arm movements post-
stroke should include three important characteristics. First, because the amount of practice is
the most important parameter in motor learning, it has been recommended that individuals
post-stroke perform as many repetitions per session as they can tolerate™’. Second,
practicing challenging tasks, but not simple repetitive tasks, is likely to elicit motor learning
and associated neural reorganization31‘33. Performance-based positive and negative
feedback helps to keep tasks challenging34'35. Third, trunk restraint during reaching is
important to enhance recovery of arm function”’*®. This feasibility study tested the
hypothesis that two sessions of unassisted intensive reach training with trunk restraint
combined with performance-based feedback will produce long-lasting (1-month)
improvements in both trained and untrained movements.

Methods

Participants

Sixteen participants with ischemic or hemorrhagic stroke with mild to moderate impairments
(63.2 + 2.7 years; 2 females), subsequently referred to as the stroke group, were recruited
(see Table 1). Potential participants were included if they (1) were at least 6 months post-
stroke; (2) had residual capability to move their UE (Upper Extremity Fugl-Meyer motor
score > 19/66); (3) had the ability to follow and remember instruction (Mini-Mental State
Examination score > 25/30)37; and (4) were able to perform an unassisted reach to the
farthest target displayed at 40 cm from the anterior edge of the Arm Reach Training (ART)
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system table. Participants were excluded if they had (1) any neurologic diagnoses other than
stroke; (2) peripheral movement restrictions, such as neuropathy; (3) orthopedic disorders
affecting the paretic UE; (4) severe pain or sensory impairment in the more affected UE; or
(5) visual neglect (more than 4% of lines left uncrossed on Albert’s test)38. All enrolled
participants scored 0 on Albert’s test.

Ten non-disabled age-matched participants (56.6 + 2.9 years; 5 females), subsequently
referred to as the control group, were recruited for a comparison of reaching performance.
Only right-hand dominant people were included as assessed by the Edinburgh Handedness
Inventorygg. This study was approved by the University of Southern California’s
Institutional Review Board, and all participants signed an informed consent prior to study
enrollment.

Study design

We used a within participant, repeated-measures design. Participants in the stroke group
visited the laboratory five times over six weeks (see Figure 1A). The first visit comprised
clinical tests, familiarization with the ART system (see Figure 1B and below), and a baseline
Box and Block Test (BBT). In the following week, participants visited the laboratory for
three consecutive days. The first two days were training days, with training preceded and
followed by arm reach tests (see below). On the third day, a 1-day retention reach test was
given, as well as a second BBT. In the fourth week following training, a final 1-month reach
retention test and a final BBT were given. Thus, participants in the stroke group performed a
total of six arm reach tests (at Prel, Postl, Pre2, Post2, 1-day and 1-month - see Figure 1A),
and a total of three BBTSs (at baseline, 1-day and 1-month). Participants in the control group
visited the laboratory a single time, during which they familiarized themselves with the ART
system and then performed a single arm reach test.

Training consisted of 600 trials per session, given in six blocks of 100 trials each. Blocks
were separated by rest periods of at least 5-minutes. Each block was comprised of 20 trials
to each of the five training targets, presented in pseudo-random order (See Figure 1B and
below). Note that the total number of trials was constant, but the session duration varied
based on movement times and resting periods (participants could request longer rest
periods). Each test consisted of 60 trials: 5 trials to each of the 5 training targets in pseudo-
random order, and then 35 trials, one to each of the 35 test targets, also in pseudo-random
order (Figure 1B, and below).

The Arm Reach Training system

During both testing and training with the ART system, participants were seated on a chair
with a seat belt to restrain trunk movementssG. A magnetic sensor (miniBird 500, Ascension
Technology) was attached to the participant’s index fingertip of the more affected hand in
the stroke group and the dominant hand in the control group to monitor reach performance.
A second sensor was attached to the lateral epicondyle of the humerus to monitor elbow
movements. Sensor data were recorded at 120 Hz, and low-pass filtered (second-order
Butterworth filter with 5Hz cutoff frequency) for data analysis.
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At each training trial, a projector displayed one of five targets included in the training set.
These targets were located on an 80-degree arc of 25 cm radius centered on the home
position (Figure 1B, right panel). At each test trial, the projector displayed one of 35 targets,
located on five equidistant 120 degrees arcs centered on home position with radii ranging
from 10 to 30 cm (Figure 1B, right panel). The diameter of each target was 3 cm.

The timing of each trial (in both training and testing) was as follows: After the participants
placed their index finger on the home-position, a target appeared on the table and an audio
“Ready” sound was played. After a 1 second delay, a “Go” sound was played, and the
participants were instructed to move their index finger to the target as quickly as possible. To
avoid overshooting, participants were instructed to keep their finger on the target for 500 ms.
After this time, the target disappeared, and the home-position re-appeared. One second later,
a new target appeared. The maximum movement time allowed for each trial was 5 seconds.
To minimize compensatory elbow movements during training, an unpleasant beep was
played when the magnetic sensor attached to the elbow moved above two-thirds of the
height between the table and the acromion. For all subjects except for two, the threshold was
high enough so that this feedback was not played beyond the familiarization phase. For the
other two subjects, feedback was played only one time during training.

Visuo-auditory feedback—Following each training trial, ART provided one of five
possible feedback signals based on the participant's on-line movement time, M7 ,—jine -

MT on-1ine Was computed using the time interval from the movement start (time at which the
tangential velocity of the index fingertip first crossed the 30 cm/s threshold) to the
movement end (time when the fingertip entered the target, with the condition that the finger
remained on the target for 500 ms). At each trial, the feedback cue was selected based on

comparing M7 ,-jine to the mean (A1 T, j,.) and the standard deviation (std) of 377
computed from the previous 20 trials to the same target (see details in Figure 1C). In
contrast, following each test trial, a single type of feedback (i.e., beep sound and white cue)
was provided to indicate that the target was successfully reached within 5 seconds.

on—line

Clinical assessments

The upper-extremity score of the Fugl-Meyer motor (FM) test40 was performed on the first
visit by HP or SK. SK, a physical therapist with more than 2 years of clinical experience and
certified in the administration of the FM test, graded the FM scores. The BBT" was
performed at three time points (see above). All participants completed all ART test and
training sessions as well as all clinical assessments, with the exception of one participant
who did not complete the BBT at baseline due to a scheduling conflict.

Data analysis

Movement time (MT) for offline data analysis was computed by the interval between the
time at which the index finger’s tangential velocity exceeded 5% of maximum velocity42
and the time at which the velocity fell below 5% of maximum velocity with the fingertip
inside of the target. M7 ,,—jine and MT were highly correlated (r = 0.988 and p < 0.0001,
Pearson). Movement smoothness was assessed by the number of peaks in the velocity profile
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during MT"’. Peaks were identified by changes in sign (from positive to negative) in the
acceleration profile.

Mixed regression models

Results

We performed linear mixed model analysis (using SPSS 18) with either MT or number of
peaks as dependent variable and with subjects’ random intercepts. To test for short- and
long-term training effects, we included 7est (Prel, Postl, Pre2, Post2, 1-day, and 1-month
follow-up test) as a fixed repeated factor. To test for training-induced generalization effect of
target distance and number of peaks s, target distance (D), ranging from 10 to 30 cm, with 5
cm increments, and the cosine of the target angle (cos(150-g), where gwas the target angle
ranging from 30 to 150 degrees), were included as co-variates. Interaction terms 7estx D
and 7estx cos(150-q) were included. Model comparisons (using the Bayesian information
criterion, BIC) showed that repeated measures were best modeled with an auto-regressive
moving average (ARMA(1,1)).

Because of our small data pool, we combined the data from participants with left and right
hemiparesis. The data were “flipped” along the mid-line, so that all participants in the stroke
group “behaved” as right hemiparetic participants. To validate this approach, we fitted
individual models of MT in Prel with target distance (D) and cosine of the target angle
(cos(150-q)) to determine whether spatial movement characteristics were qualitatively
similar between subjects and symmetric across the midline for left and right hemiparesis.
Bonferroni correction was used for multiple pairwise comparisons. The level of statistical
significance was set at p < 0.05. All results were reported with mean = standard errors (SE).

Demographic information and overall training time

Average stroke duration was 72 + 11 months and the average FM score was 48.7 £ 2.5
(Table 1). The control and stroke groups did not differ in age (t-test, p=0.117). All
participants in the stroke group completed the 600 trials in each training session and
successfully reached all targets within 5 seconds. Performing 600 movements lasted on
average 106.0 = 2.9 minutes (range: 63.9 to 143.5 minutes).

Figure 2 shows examples of reaching movement for Prel (before training), 1-day, and 1-
month retention tests for two participants post-stroke. The effect of training in decreasing
MT and the number of peaks, both in 1-day and in 1-month retention tests, are especially
striking for the more impaired participant.

Movement time at baseline

We first tested for the stability of our MT measure before any training. We confirmed that
there was no difference in mean MT between baseline (performed during the familiarization
phase) and Prel (MT was 731 + 11 ms, 721 + 15 ms, paired t-test, p = 0.347; baseline data
from 15 participants was used because data from 1 participant at baseline was corrupted). In
addition, MT had good test-retest reliability across the two tests as shown by an intra-class
correlation coefficient of 0.806 (95% CI: 0.769 — 0.836; p < 0.0001).
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Before training, MT in the stroke group was, on average, larger than in the control group
(stroke group: 740 £ 47 ms; control group: 400 + 19 ms; t-test, 0 < 0.0001). Note that both
groups showed larger MTs in movements with larger target distances and at greater angles
from midline (Figure 3A-Prel and 3B). Overall, for the stroke group, there was a significant
negative correlation between initial FM score and initial MT at Prel (/2 = 0.53, p< 0.001).

We fitted individual models of MT in Prel with target distance (D) and cosine of the target
angle (cos(150-g)). In the control group, six (out of ten) participants showed a significant
effect of target distance, and nine participants showed a significant effect of target angle. In
the stroke group, all participants showed a significant effect of target distance, and thirteen
(out of sixteen) participants showed a significant effect of target angle (6/8 with left
hemiparesis and 7/8 participants with right hemiparesis).

movement time with training

Overall MT decreased with training in the stroke group (Figure 3A and 3C). MT was greater
in Prel (740 £ 47 ms) than in Postl (614 + 47 ms), Pre2 (617 + 47 ms), Post2 (535 + 47
ms), 1-day (548 + 47 ms), and 1-month (556 = 47 ms) (all p< 0.0001) and MT was greater
in Pre2 than in Post2 (p < 0.0001) and 1-day (o= 0.007). Both the distance and angular
coefficients in the mixed regression model decreased with training, with the decrease
maintained in 1-day and 1-month retention tests (see Figure 3D and 3E). The distance
coefficients of each test decreased from 14.1 £ 0.7 in Prel to 6.9 £ 0.7 at 1-month (Figure
3D). The angular coefficients decreased from 98.3 £ 9.0 in Prel to 39.0 + 9.0 at 1-month
(Figure 3E). All fixed factor terms in the model ( 7est, Testx D, and Test x cos(150-q)) were
significant (p < 0.014 or less), showing overall improvements in MT due to training, but also
specific improvements of MT for targets at greater distances and at greater angles. For
comparison, the coefficients of distance and angle were 4.11 + 0.3 and 46.1 + 4.3,
respectively, in the control group.

Change in movement smoothness

The control group generated a single peak for most movements, with no patterns across
distance and angle (1.06 £ 0.02, range from 1.0 to 1.3), whereas the average humber of
peaks before training in Prel in the stroke group (2.22 £ 0.19, range 1.5 to 2.8) was
significantly greater than in the control group (2.22 + 0.19; t-test, p < 0.0001). At Prel, there
was strong correlation between MT and number of peaks (/2 = 0.85, p< 0.001) and
between initial FM and number of peaks (/2 = 0.65, p < 0.0002).

The overall number of peaks decreased with training in the stroke group (Figure 4B). The
number of peaks in Prel (i.e., 2.22 £+ 0.19) was greater than in Post1 (i.e., 1.68 £ 0.18), Pre2
(i.e., 1.80 £ 0.18), Post2 (i.e., 1.44 + 0.18), and 1-day (i.e., 1.66 £ 0.18), and 1-month (i.e.,
1.67 £0.19) (all p<0.0001). The number of peaks was greater in Pre2 than in Post2 (p <
0.0001) (Figure 4B).

Similarly to movement time, both the distance and angular coefficients in the mixed
regression model for movement peaks decreased with training (7estx Dand 7estx cos(150-
@), both p <0.0001), with the decrease maintained in 1-day and 1-month retention tests
(Figure 4C and 4D). The distance coefficients decreased from 0.027 + 0.005 in Prel to
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-0.001 £ 0.005 at 1-month (Figure 4C). The angular coefficients decreased from 0.435
+0.06 in Prel to 0.071 £ 0.06 at 1-month (Figure 4D). For comparison, the coefficients of
distance and angle were —0.0002 + 0.002 and 0.011 + 0.024, respectively, in the control

group.

Score change in box and block test

From the baseline to the 1-day and the 1-month retention tests, the stroke group showed
improvements in the BBT (Baseline: 21.3 £ 1.9; 1-day 26.3 £ 2.5; and 1-month 26.3 + 2.4
blocks). At both the 1-day and 1-month retention tests, the number of blocks moved with the
affected limb increased 23% from baseline (paired t-test, p = 0.004 and p = 0.004,
respectively. In addition, the change in BBT between baseline and 1-month significantly
correlated with the change in MT between Prel and 1-month (A2 = 0.56, p = 0.001; change
in BBT between baseline and mean change in MT between Prel and 1-day; /2 = 0.025, p=
0.061). Note that for the BBT, the minimum detectable change is 18%™. Ten out of fifteen
participants exceeded this threshold between baseline and 1-day, and 10 participants
exceeded this threshold between baseline and 1-month.

Relationship between initial performance and change in performance

The degree to which participants improved in MT and number of peaks directly related to
performance at the beginning of training. The mean initial MT showed a significant linear
association with the mean change in MT (i.e., AMT) between Prel and 1-day (R2 = 0.77, p<
0.001) and between Prel and 1-month (/2 = 0.68, p < 0.001) (Figure 5A). The initial
number of peaks show a significant linear association with the mean change in number of
peaks (i.e., Ppeaks) between Prel and 1-day (A2 = 0.80, p< 0.001) and between Prel and 1-
month (A2 = 0.84, p< 0.001) (Figure 5B).

Discussion

The main result of this feasibility study is that short-duration and intensive reach training
with visuo-auditory feedback can significantly improve movement time and movement
smoothness in individuals with chronic stroke and mild to moderate impairments. Compared
to the Prel, MT decreased on average 22.8% at the 1-day retention test and 20.4% at the 1-
month retention test. Similarly, the number of peaks in the velocity profile decreased on
average 22.8% at the 1-day retention test and 22.7% at the 1-month retention test. The
improvements were proportional to the initial impairments, i.e., participants with the slowest
movements or greatest number of peaks at the Prel showed the greatest gains in both
quantities in absolute terms. The gain (23% on average) on the BBT at 1-month, and the
significant correlation between mean changes in MT and changes in BBT at 1-month,
suggest that the effect of task-specific arm reach training transfers to untrained motor tasks
and is long-lasting.

In both groups, movement times were longest for far targets to the left and shortest for close
targets to the right. Pre-training results in the stroke group (Figure 3D, Prel) are in line with
a previous study showing that Fitts’s slope and intercept4 were greater for the affected arm
compared to the unaffected arm post-strokes. In addition, post-training results show that
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training brings the Fitts’s slope closer to that of non-disabled participants (Figure 3D),
possibly because of a decrease in weakness, a decrease in spasticity, or both. Increased
movement times for targets contralateral to the impaired arm, i.e., in the direction of the
greatest inertia at the hand, have been previously reported in non-disabled participants45, and
have been explained by a “constant effort” strategy46. Studies have found that participants
post-stroke have difficulties controlling movements to contralateral targets, because of a
reduced ability to account for interaction torques47. Thus, although MTs to the left were
longer than MTs to the right in both groups, participants in the stroke group showed greater
modulation of MT as a function of target angle. Training, however, reduced this angular
influence on movement time (Figure 3E) and number of peaks (Figure 4D). Movements
became smoother after training, notably in movements to contralateral targets, possibly
because of a decrease in weakness and improvement in compensating the interaction torques
for these movements.

The long-term (1-month) improvements and generalization effects that we observed may be
the direct result of motor learning during training. However, another, non-exclusive,
possibility is that the improvement in arm function due to training resulted in greater arm
use in daily activities compared to pre-training. Such greater arm use may have, in turn,
contributed in maintaining, or even improving in some participants, overall arm
function®®°, Indirect evidence for such increased generalization is shown in the decrease
effect of target distances and angles at 1-month compared to 1-day post-training for both
movement time and number of peaks (see Figures 3D, 3E and 4C, 4D). Indeed, the number
of peaks is constant across target angles or distance at 1-month, whereas it shows significant
effects of angles and distances at 1-day post-training (Figure 4A, 4C, 4D). In future work,
we will measure both arm function and arm use during and after training, using our new
bilateral arm reach test™".

When instructed to move quickly, individuals post-stroke generate faster and smoother
reaching movements than when instructed to move at preferred speed5l. Thus, could the
decreases in movement time and in number of peaks in our study simply be instruction-
dependent, with no actual improvements due to training? We believe that this is not the case,
because our instructions emphasized moving as quickly as possible in all testing and training
sessions. In addition, training induces robust changes, as shown by the strong correlation (/2
> 0.77) between the initial MT and the gain in MT (Figure 5A), and by the significant
correlation between mean changes in MT and changes in BBT between baseline and 1-
month.

The main limitation of our feasibility study is the within-sample design with no stroke
control group. There is little possibility however that the improvements in performance
between Prel and the 1-day and 1-month retention tests was due to spontaneous recovery,
because the participants were in chronic stage (i.e., the minimum duration post-stroke since
stroke 12 months). There was no correlation between duration since stroke and change in
MT (A2 =0.03, p=0.50 at 1-month) or number of peaks (/2 =0.007, p=0.76 at 1-month). A
second limitation is that, based on the observation of left-right symmetry in Prel MTs, we
did not differentiate between right and left hemiparesis. A future larger study should include
either left or right affected individuals, or better both, to account for differences in motor
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control and motor learning between individuals with left and right brain damage52v53. A

third limitation is that we did not collect data about the lesion (i.e., ischemic or hemorrhagic
location, etc.), nor did we collect data about depression and fatigue, which have been

. : . .. 54 . 55 .
associated with quality of life” " and functional outcome™, respectively.

In summary, our results suggest that two sessions of unassisted intensive reach training can
induce long-term performance changes in patients with mild to moderate impairments, who
can perform reaching movements without gravity support. Although we are not aware of
data describing gains in arm function after two sessions of traditional physical therapy, we
believe that such gains are smaller than in our study, because patients perform much fewer
movements in each session of traditional physical therapy than in our study. A study,
conducted in the US, reports an average of 53 active movements, and of these, on average 32
are functionally oriented movementsSG. Although it is probably difficult to increase the
number of movements per day much beyond 600 movements, the number of training
sessions can be increased for those participants who have the potential to improve further.
Howegeer, the most effective dose of training is still unknown, and more is not necessarily
better™ .

Acknowledgements

We thank Cheol Han for assistance with ART and members of the MBNL and CNRL labs at USC for useful
comments.

Funding

This work was supported in part by NIH grant R01 HD065438 and MC-I1F 299687.

References

1. Lum PS, Mulroy S, Amdur RL, Requejo P, Prilutsky BI, Dromerick AW. Gains in upper extremity
function after stroke via recovery or compensation: Potential differential effects on amount of real-
world limb use. Topics in stroke rehabilitation. 2009; 16(4):237-253. [PubMed: 19740730]

2. Kamper DG, McKenna-Cole AN, Kahn LE, Reinkensmeyer DJ. Alterations in reaching after stroke
and their relation to movement direction and impairment severity. Archives of Physical Medicine
and Rehabilitation. 2002; 83(5):702-707. [PubMed: 11994811]

3. van Dokkum L, Hauret I, Mottet D, Froger J, Métrot J, Laffont I. The Contribution of Kinematics in
the Assessment of Upper Limb Motor Recovery Early After Stroke. Neurorehabilitation and Neural
Repair. 2014; 28(1):4-12. [PubMed: 23911973]

4. Cirstea MC, Ptito A, Levin MF. Arm reaching improvements with short-term practice depend on the
severity of the motor deficit in stroke. Experimental Brain Research. 2003; 152(4):476-488.
[PubMed: 12928760]

5. McCrea P, Eng J. Consequences of increased neuromotor noise for reaching movements in persons
with stroke. Experimental Brain Research. 2005; 162(1):70-77. [PubMed: 15536551]

6. Beer R, Dewald JA, Dawson M, Rymer WZ. Target-dependent differences between free and
constrained arm movements in chronic hemiparesis. Experimental Brain Research. 2004; 156(4):
458-470. [PubMed: 14968276]

7. Levin MF. Interjoint coordination during pointing movements is disrupted in spastic hemiparesis.
Brain. 1996; 119(1):281-293. [PubMed: 8624689]

8. Coster WJ, Haley SM, Andres PL, Ludlow LH, Bond TLY, Ni P-s. Refining the Conceptual Basis
for Rehabilitation Outcome Measurement: Personal Care and Instrumental Activities Domain.
Medical Care. 2004; 42(1):1-62. [PubMed: 14707756]

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 10

9. Aisen M, Krebs H, Hogan N, McDowell F, Volpe BT. The effect of robot-assisted therapy and

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

rehabilitative training on motor recovery following stroke. Archives of Neurology. 1997; 54(4):443—
446. [PubMed: 9109746]

10.

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.
Neurorehabilitation and Neural Repair. 2010 Sep 1; 24(7):620-635. 2010. [PubMed: 20424192]

Blennerhassett J, Dite W. Additional task-related practice improves mobility and upper limb
function early after stroke: a randomised controlled trial. Australian Journal of Physiotherapy.
2004; 50(4):219-224. [PubMed: 15574110]

Dipietro L, Krebs HI, Volpe BT, Stein J, Bever C, Mernoff ST, et al. Learning, Not Adaptation,
Characterizes Stroke Motor Recovery: Evidence From Kinematic Changes Induced by Robot-
Assisted Therapy in Trained and Untrained Task in the Same Workspace. Neural Systems and
Rehabilitation Engineering, IEEE Transactions on. 2012; 20(1):48-57.

Ellis MD, Sukal-Moulton T, Dewald JPA. Progressive Shoulder Abduction Loading is a Crucial
Element of Arm Rehabilitation in Chronic Stroke. Neurorehabilitation and Neural Repair. 2009;
23(8):862-869. [PubMed: 19454622]

Lo AC, Guarino PD, Richards LG, Haselkorn JK, Wittenberg GF, Federman DG, et al. Robot-
Assisted Therapy for Long-Term Upper-Limb Impairment after Stroke. New England Journal of
Medicine. 2010; 362(19):1772-1783. [PubMed: 20400552]

Lum P, Burgar C, Van der Loos M, Shor P, Majmundar M, Yap R. MIME robotic device for upper-
limb neurorehabilitation in subacute stroke subjects: A follow-up study. Journal of rehabilitation
research and development. 2006; 43(5):631-642. [PubMed: 17123204]

Reinkensmeyer DJ, Emken JL, Cramer SC. Robotics, motor learning, and neurologic recovery.
Annu Rev Biomed Eng. 2004; 6:497-525. [PubMed: 15255778]

Rohrer B, Fasoli S, Krebs H, Hughes R, Volpe B, Frontera W, et al. Movement smoothness
changes during stroke recovery. J Neurosci. 2002; 22(18):8297-8304. [PubMed: 12223584]

Thielman GT, Dean CM, Gentile A. Rehabilitation of reaching after stroke: task-related training
versus progressive resistive exercise. Archives of physical medicine and rehabilitation. 2004;
85(10):1613-1618. [PubMed: 15468020]

Winstein CJ, Rose DK, Tan SM, Lewthwaite R, Chui HC, Azen SP. A randomized controlled
comparison of upper-extremity rehabilitation strategies in acute stroke: a pilot study of immediate
and long-term outcomes. Archives of physical medicine and rehabilitation. 2004; 85(4):620-628.
[PubMed: 15083439]

Wolf SL, Winstein CJ, Miller J, et al. Effect of constraint-induced movement therapy on upper
extremity function 3 to 9 months after stroke: The excite randomized clinical trial. JAMA. 2006;
296(17):2095-2104. [PubMed: 17077374]

Schaefer SY, Patterson CB, Lang CE. Transfer of Training Between Distinct Motor Tasks After
Stroke Implications for Task-Specific Approaches to Upper-Extremity Neurorehabilitation.
Neurorehabilitation and neural repair. 2013 1545968313481279.

Reinkensmeyer, J. Comparison of robot-assisted reaching to free reaching in promoting recovery
from chronic stroke. Integration of Assistive Technology in the Information Age: ICORR'2001, 7th
International Conference on Rehabilitation Robotics; 10S Press; 2001. p. 39

Keith RA, Cowell KS. Time use of stroke patients in three rehabilitation hospitals. Social science
& medicine. 1987; 24(6):529-533. [PubMed: 3589748]

Lang CE, MacDonald JR, Reisman DS, Boyd L, Jacobson Kimberley T, Schindler-lvens SM, et al.
Observation of Amounts of Movement Practice Provided During Stroke Rehabilitation. Archives
of Physical Medicine and Rehabilitation. 2009; 90(10):1692-1698. 10//. [PubMed: 19801058]
Lincoln NB, Willis D, Philips S, Juby L, Berman P. Comparison of rehabilitation practice on
hospital wards for stroke patients. Stroke. 1996; 27(1):18-23. [PubMed: 8553397]

Mackey F, Ada L, Heard R, Adams R. Stroke rehabilitation: are highly structured units more
conducive to physical activity than less structured units? Archives of physical medicine and
rehabilitation. 1996; 77(10):1066-1070. [PubMed: 8857888]

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 11

Michaelsen SM, Levin MF. Short-Term Effects of Practice With Trunk Restraint on Reaching
Movements in Patients With Chronic Stroke. Stroke. 2004; 35(8):1914-1919. [PubMed:
15192250]

Harris-Love ML, Morton SM, Perez MA, Cohen LG. Mechanisms of Short-Term Training-Induced
Reaching Improvement in Severely Hemiparetic Stroke Patients: A TMS Study.
Neurorehabilitation and Neural Repair. 2011; 25(5):398-411. [PubMed: 21343522]

Ringleb, PA.; Bousser, MG.; Ford, G.; Bath, P.; Brainin, M.; Caso, V., et al. European Handbook of
Neurological Management. Wiley-Blackwell; 2010. Ischaemic Stroke and Transient Ischaemic
Attack; p. 101-158.

Party, ISW. National clinical guideline for stroke. London: Royal College of Physicians; 2008.

Nudo R, Wise B, SiFuentes F, Milliken G. Neural Substrates for the Effects of Rehabilitative
Training on Motor Recovery After Ischemic Infarct. Science. 1996; 272(5269):1791-1794.
[PubMed: 8650578]

Plautz EJ, Milliken GW, Nudo RJ. Effects of Repetitive Motor Training on Movement
Representations in Adult Squirrel Monkeys: Role of Use versus Learning. Neurobiology of
Learning and Memory. 2000; 74(1):27-55. [PubMed: 10873519]

Sanger TD. Failure of Motor Learning for Large Initial Errors. Neural Computation. 2004; 16(9):
1873-1886. [PubMed: 15265326]

Molier BI, Van Asseldonk EH, Hermens HJ, Jannink MJ. Nature, timing, frequency and type of
augmented feedback; does it influence motor relearning of the hemiparetic arm after stroke? A
systematic review. Disability & Rehabilitation. 2010; 32(22):1799-1809. [PubMed: 20345249]
Duff M, Yinpeng C, Attygalle S, Herman J, Sundaram H, Gang Q, et al. An Adaptive Mixed
Reality Training System for Stroke Rehabilitation. Neural Systems and Rehabilitation
Engineering, IEEE Transactions on. 2010; 18(5):531-541.

Roby-Brami A, Feydy A, Combeaud M, Biryukova EV, Bussel B, Levin MF. Motor compensation
and recovery for reaching in stroke patients. Acta Neurologica Scandinavica. 2003; 107(5):369-
381. [PubMed: 12713530]

Folstein MF, Folstein SE, McHugh PR. "Mini-mental state. A practical method for grading the
cognitive state of patients for the clinician. J Psychiatr Res. 1975; 12(3):189-198. [PubMed:
1202204]

Fullerton KJ, McSherry D, Stout RW. Albert's test: a neglected test of perceptual neglect. Lancet.
1986; 1(8478):430-432. [PubMed: 2868349]

Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory.
Neuropsychologia. 1971; 9(1):97-113. [PubMed: 5146491]

Fugl-Meyer AR, Jaasko L, Leyman I, Olsson S, Steglind S. The post-stroke hemiplegic patient. 1. a
method for evaluation of physical performance. Scand J Rehabil Med. 1975; 7(1):13-31.
[PubMed: 1135616]

Mathiowetz V, Volland G, Kashman N, Weber K. Adult norms for the Box and Block Test of
manual dexterity. Am J Occup Ther. 1985; 39(6):386-391. [PubMed: 3160243]

Coderre AM, Amr Abou Zeid, Dukelow SP, Demmer MJ, Moore KD, Demers MJ, et al.
Assessment of Upper-Limb Sensorimotor Function of Subacute Stroke Patients Using Visually
Guided Reaching. Neurorehabilitation and Neural Repair. 2010; 24(6):528-541. [PubMed:
20233965]

Chen H-M, Chen CC, Hsueh I-P, Huang S-L, Hsieh C-L. Test-retest reproducibility and smallest
real difference of 5 hand function tests in patients with stroke. Neurorehabilitation and neural
repair. 2009

Fitts PM. The information capacity of the human motor system in controlling the amplitude of
movement. Journal of Experimental Psychology. 1954; 47(6):381-391. [PubMed: 13174710]
Gordon J, Ghilardi MF, Cooper SE, Ghez C. Accuracy of planar reaching movements.
Experimental Brain Research. 1994; 99(1):112-130. [PubMed: 7925785]

Guigon E, Baraduc P, Desmurget M. Computational Motor Control: Redundancy and Invariance.
Journal of Neurophysiology. 2007; 97(1):331-347. [PubMed: 17005621]

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 12

Beer RF, Dewald JP, Rymer WZ. Deficits in the coordination of multijoint arm movements in
patients with hemiparesis: evidence for disturbed control of limb dynamics. Experimental brain
research. 2000; 131(3):305-319. [PubMed: 10789946]

Han CE, Arbib MA, Schweighofer N. Stroke rehabilitation reaches a threshold. PLoS Comput
Biol. 2008; 4(8):1000133. [PubMed: 18769588]

Hidaka Y, Han CE, Wolf SL, Winstein CJ, Schweighofer N. Use It and Improve It or Lose It:
Interactions between Arm Function and Use in Humans Post-stroke. PLoS Comput Biol. 2012;
8(2):€1002343. [PubMed: 22761551]

Han CE, Kim S, Chen S, Lai Y-H, Lee J-Y, Osu R, et al. Quantifying arm nonuse in individuals
poststroke. Neurorehabilitation and neural repair. 2013 1545968312471904.

DelJong SL, Schaefer SY, Lang CE. Need for Speed Better Movement Quality During Faster Task
Performance After Stroke. Neurorehabilitation and neural repair. 2012; 26(4):362-373. [PubMed:
22140198]

Mani S, Mutha PK, Przybyla A, Haaland KY, Good DC, Sainburg RL. Contralesional motor
deficits after unilateral stroke reflect hemisphere-specific control mechanisms. Brain. 2013;
136(4):1288-1303. [PubMed: 23358602]

Mani S, Przybyla A, Good DC, Haaland KY, Sainburg RL. Contralesional Arm Preference
Depends on Hemisphere of Damage and Target Location in Unilateral Stroke Patients.
Neurorehabilitation and Neural Repair. 2014; 28(6):584-593. [PubMed: 24523143]

van de Port IG, Kwakkel G, van Wijk I, Lindeman E. Susceptibility to Deterioration of Mobility
Long-Term After Stroke A Prospective Cohort Study. Stroke. 2006; 37(1):167-171. [PubMed:
16322486]

de Groot MH, Phillips SJ, Eskes GA. Fatigue associated with stroke and other neurologic
conditions: implications for stroke rehabilitation. Archives of physical medicine and rehabilitation.
2003; 84(11):1714-1720. [PubMed: 14639575]

Lang CE, MacDonald JR, Reisman DS, Boyd L, Kimberley TJ, Schindler-lvens SM, et al.
Observation of amounts of movement practice provided during stroke rehabilitation. Archives of
physical medicine and rehabilitation. 2009; 90(10):1692-1698. [PubMed: 19801058]
Dromerick A, Lang C, Birkenmeier R, Wagner J, Miller J, Videen T, et al. Very early constraint-
induced movement during stroke rehabilitation (VECTORS) A single-center RCT. Neurology.
2009; 73(3):195-201. [PubMed: 19458319]

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Park et al. Page 13

(A)
Familiarization Training session 1 Training session 2
Baseline Pre1 il Post1 Pre2 ki Post2 1-day 1-month
test B test 600t'? test (mp| test BhG m? test |mp| test |mp| test
(60 trials) (60 trials) - s)] (60 trials)| | (60 trials)| [(°° I |(60 trials)| ~ [(60 trials)| |(60 trials)
~1-week 1-day 1-day ~1-month
(B)
LRRIR I ® '
. 0| oy TARGEE B ]
- _Target 4 {-g-) Target2.. |
Target 5_,(_—‘;)’"" () Target )
> 15} 5 ! 1
! \ 10} N s A0 T A 1
S 09070 Ty
o — 5¢ <7543 5Q i - 1
Home positio : .
. | 150 | % ——
-30 -20 -10 0 10 20 30
X [cm)
(C)
‘Verygood”  “Good” “beep” sound “OK” “Try harder”
Green cue Yellow cue white cue - Orange cue Red cue
i ' ' ' '

Won—hne '(1 XStd) ch—llne '(O'SXStd) mon—hne mol!-lu:e+(o 'SXStd) mon—lme +(1 XStd)

Figurel.
Experimental design and the Arm Reach Training (ART) system. A: Diagram showing the

timing of the five visits over a 6-week period for the stroke group. B: Left: ART system: the
home-position is identified by the green circle and a target by the white circle. For each trial,
participants were instructed to reach to the target with their index fingertip (of more affected
hand in stroke group and dominant hand in control group) as quickly as possible. Right:
Diagram showing the location of the 35 test targets in the two dimensional workspace. The
five targets at 25 cm (black circles) are the training targets. C: Illustration of the five possible
types of visuo-auditory feedback cues at the end of a training trial based on comparison of
MTgn-1ine to the mean and standard deviation of the movement time (mean MTqp.jine and std)
computed in 20 previous trials (except for the first block: see method).
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Subject 10: FM=30 (B) Subject 5: FM=51
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Figure2.
Examples of hand paths and tangential hand velocities before and after training for two

subjects post-stroke (Subject 10 and Subject 5 from Table 1) in Prel-test and in 1-day and 1-
month retention tests. First row: Hand path. Second row: Tangential velocities and number
of peaks (indicated with filled symbols: circle for Prel-test, diamond for 1-day retention test,
and square for 1-month retention test). Notice how the subject 10 on the left, with relatively
high severity score (FM = 30/66), shows a large decrease in movement time and number of
peaks compared with the subject 5 on the right with a lesser severity score (FM = 51/66).
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Figure 3.
A: Mean movement time in the stroke group across the test sessions. B: Mean movement

time in the control group. C: Overall movement time before, during, and after training in the
stroke group shows a significant and long-lasting (1 month) reduction of MT following
training. D: Regression coefficient of target distance (Test x D) in each test in the mixed
regression model shows a long-lasting reduction of the effect of distance on MT in the stroke
group. E: Regression coefficient of target angle (Test x cos(150-q)) in each test in the mixed
regression model shows a long-lasting reduction in the effect of angle on MT in the stroke
group. * p <0.007, ** p < 0.0001.
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A: Mean number of peak in the stroke group across test sessions (results for the control
group are not shown because the mean number of peaks is very close to one for all
movements). B: Overall number of peaks before, during, and after training shows a
significant and long-lasting (1 month) reduction in the number of peaks following training.
C: Regression coefficient of target distance (Test x D) in each test in the mixed regression
model shows a long-lasting reduction of the effect of distance on number of peak in the

stroke group. D: Regression coefficient of target angle (Test x cos(150-q)) in each test in the

mixed regression model shows a long-lasting reduction in the effect of angle on number of

peak in the stroke group. ** p < 0.0001.
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Figure5.
Relationship between initial performance and change in performance between Prel-test and

1-day retention test in stroke group. A: Linear relationship was significant between initial
MT and AMT. B: Linear relationship was significant between initial number of peaks and
Apeaks.
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