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Stroke rehabilitation is far from meeting patient needs in terms of timing, intensity and quality. This study
evaluates the efficacy and safety of an innovative technological tool, combining 3D motion analysis with
targeted vibratory feedback, on upper-limb task performance early poststroke (,4 weeks). The study design
was a two-sequence, two-period, randomized, crossover trial (NCT01967290) in 44 patients with
upper-limb motor deficit (non-plegic) after medial cerebral artery ischemia. Participants were randomly
assigned to receive either the experimental session (repetitive motor task under vibratory feedback and 3D
motor characterization) or the active comparator (3D motor characterization only). The primary outcome
was the number of correct movements per minute on a hand-to-mouth task measured independently.
Vibratory feedback was able to modulate motor training, increasing the number of correct movements by an
average of 7.2/min (95%CI [4.9;9.4]; P , 0.001) and reducing the probability of performing an error from
153 to 159. This strategy may improve the efficacy of training on motor re-learning processes after stroke,
and its clinical relevance deserves further study in longer duration trials.

U
nilateral motor weakness (50–83%) and cognitive impairment (50%) are the most common deficits
resulting from stroke and the main causes of disability1–6. Early rehabilitation, within the first three to
six months, is crucial in increasing the probability of a good functional outcome7–9 and currently perceived

as an essential part of effective stroke care3,10. However, the type of interventions, when they should begin, how
intensive and for how long they should occur all remain unanswered questions and are currently the focus of
research in the field11.

Spontaneous recovery or pharmacologically triggered neuroplasticity have shown no significant effect in
reducing functional disability after stroke7,8,12 which renders motor recovery largely dependent on rehabilitative
interventions mediated by specialized health professionals in institutional environments13. However, the avail-
ability of effective poststroke rehabilitation treatments is far from meeting the needs of all stroke patients in due
time, intensity, quality or duration3,14,15. Moreover, even patients that achieve functional independence after
stroke are at increased risk of developing long-term disability, independently of recurrent stroke or other risk
factors16,17.

To overcome these complex problems, new technological tools and rehabilitation approaches are being
developed and tested3,11,13,18–22. In addition to the intensity of the rehabilitation23, its quality and timing as well
as the dose and monitoring the possible adverse-effects of these interventions are of increasing importance in
early poststroke management11.

Over the last few years we have developed a low cost technological tool designated as Stroke Wearable
Operative Rehabilitation Device (SWORD)24 that allows for controlled prescription of specific motor tasks in
training sessions supervised by a health professional. The SWORD device combines targeted vibratory feedback25,
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over the major upper or lower limb joints, with wearable 3D vectorial
continuous movement quantification analysis26. The training ses-
sions using the device can be controlled at distance and occur com-
plementary to the current institutional-based programs, either at the
institution or remotely supervised at home13.

The aim of this study was to explore the efficacy and safety of the
SWORD device (vibratory feedback and 3D motor quantification)
and to determine its effect on the quality of movement during the
first training session of inpatients in an early poststroke phase.

Results
From May to October 2013 a total of 164 patients having had their
first stroke were assessed for eligibility (Figure 1). A total of 120 were
excluded. Among these, 116 did not meet criteria and 4 declined to
participate. The primary reasons for non-inclusion were the type of
stroke (n 5 56), the severity of the deficits (n 5 20) and logistic or
acute phase treatment related issues that precluded enrollment
within the first 4 weeks (n 5 33). A total of 44 participants were
included and 22 were randomized to each study arm. All participants

were able to complete the cross-over experiment on both sides. On
the study arm that performed the active comparator session first, one
patient was excluded from the analysis due to technical problems that
led to the loss of data during the experiment on the normal side of the
body. On the study arm that performed the experimental session
first, one patient was excluded after revising the discharge diagnosis
given by the stroke unit. The analysis of data was conducted in 43
participants on the paretic side and 42 participants on the normal
side (Figure 1).

The mean age of the participants was 66.5 years (SD 5 13.1; range
44–92 yrs), 39.5% were female, the average educational level was 4.1
years (SD 5 2.4; range 0–9 yrs) and the average time from stroke
onset to enrollment was 6.8 days (SD 5 7.3; range 3–27 days). Stroke
etiology was cardioembolic (30.2%), small vessel disease (20.9%),
large vessel disease (11.6%), multiple causes (30.2%) and other causes
(7%). The median national institute of health stroke scale (NIHSS) at
randomization was 4.0 (IQR [3.0;6.0]), 37.2% had a modified Rankin
scale (mRS) score of 1or 2 and 60.5% a mRS score of 3 or 4. The
baseline characteristics of each allocation group are presented in

Figure 1 | Study flowchart and CONSORT diagram.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 5670 | DOI: 10.1038/srep05670 2



Table 1. There were no significant imbalances between groups with
respect to gender, education, stroke type, side, severity, frequency of
neglect or time from onset.

All patients were able to complete the hand-to-mouth sessions
prescribed with no interruption due to fatigue, pain or any medical
condition, both in the normal and the paretic side trials. The average
duration of each session on the normal side was 3.2 min (SD 5 1.6;
range 1–10 min) and on the paretic side was 2.9 (SD 5 1.7; range 1–
10 min). The average amplitude, on the sagittal plane, required to
consider the hand-to-mouth movement as correctly done was 31.0
degrees (SD 5 10.3; range 12–50u) on the normal side and 26.8 (SD
5 11.0; range 12–50u) on the paretic side.

Primary end point. In the trial for the paretic side, the average
number of correct movements was 25.7 per min (SD 5 11.7; 95%
CI [22.1;29.3]) during the experimental session (vibratory feedback
on) and 18.5 correct movements/min (SD 5 11.4; 95% CI
[14.9;22.0]) in the active comparator session (Figure 2A). The
number of movements made on the patient’s affected side in the
experimental session increased by an average of 7.2 correct
movements/min (SD 5 7.4; 95% CI [4.9;9.4]) compared to the
active comparator session (P , 0.001). This difference corresponds
to a relative increase average of 2.8 more correct movements per
minute in the experimental session (SD 5 5.3; 95% CI [1.2;4.4];
P , 0.001). In 93% (40/43) of the patients there was an increase in
the number of correct movements performed per unit of time during
the experimental session (Figures 2B and 2C).

For the trial performed on the normal side, the average number of
correct movements was 30.3 correct movements/min (SD 5 14.6;
95% CI [25.7;34.9]) during the experimental sessions and 23.6 cor-
rect movements/min (SD 5 14.2; 95% CI [19.2;27.9]) in the active
comparator session (Figure 2A). Analysing the effect size in the
experimental session, the number of movements increased an aver-
age of 6.7 correct movements/min (SD 5 7.8: 95% CI [4.2;9.1])
compared to the active comparator session within each subject
(P , 0.001). The relative increase average of correct movements
between the two sessions was 2.7 (SD 5 7.1; 95% CI [0.5;5.0]; P ,

0.001). In 76% (32/42) of the patients an increase in the number of
correct movements performed per unit of time was observed during
the experimental session (Figures 2B and 2C).

Secondary end-points. Tables 2 and 3 summarize the differences
between groups on the additional efficacy outcomes and all the safety
outcomes. For the paretic side the total number of movements
performed (correct plus incorrect) was significantly higher under
vibratory feedback (average within subject difference 4.7 correct
movements/min; SD 5 1.1; P , 0.001). The average range of
motion of correct movements was similar in both sessions
(Table 2) with no significant statistical difference (P 5 0.13), the
same occurred with the number of pauses per minute and per
correct movement (P 5 0.67). On the normal side (Table 3) there
were no significant differences on the total number of movements
performed between the sessions (P 5 0.16) and the amplitude of
correct movements was similar in the two sessions (P 5 0.52). On

Table 1 | Characteristics of participants in the study

Active comparator first Vibratory feedback first P value

Number of patients 21 22
Age
years, average (SD)

64.9 (12.0) 68.2 (14.3) 0.42{

Gender
female frequency

40.9% 38.1% 0.851

Education
years, average (SD)

4.6 (1.8) 3.7 (2.9) 0.21{

Handedness
Right side frequency

100% 100% NA

Stroke side
Right side frequency

54.5% 52.4% 0.881

Stroke type OCSP (%)
TACI 4.5 9.5
PACI 63.6 61.9
LACI 31.8 28.6 0.81D

Time from onset days, average (SD) 6.2 (6.8) 7.5 (7.9) 0.55{

NIHSS admission median [IQR] 3.0 [1.0;6.0] 4.0 [1.0;6.0] 0.85{

Motor NIHSS* admission median [IQR] 3.0 [3.0;9.0] 3.0 [3.0;9.0] 0.85{

Baseline functional status at the time of randomization
Barthel median [IQR] 60 [45;90] 60 [50;85] 0.82{

Rankin (%)
1 18.2 14.3
2 13.6 28.6
3 18.2 28.6 0.31D

4 50.0 23.8
5 0 4.8
NIHSS
median (IQR)

4.5 (3.0–7.3) 4.0 (3.0–6.0) 0.84{

motor NIHSS*
median [IQR]

2.5 [0;3.0] 3.0 [0;4.0] 0.86{

Neglect
neglect frequency

22.7% 23.8% 0.931

OCSP - Oxford community stroke project (stroke classification); TACI – Total anterior circulation infarct; PACI – Partial anterior circulation infarct; LACI – Lacunar anterior circulation infarct; IQR – interquartile
range;
*Sum of the scores of the items 4, 5a, 5b, 6a and 6b.
{Independent samples T test,
{Mann–Whitney U test,
1qui-squared test and | Fisher exact test.
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Figure 2 | Primary end point analysis in the paretic and normal sides. Figure 2A – Comparison of the 95% CI of the number of correct movements/min

in the active comparator and vibratory feedback sessions. Figure 2B – Dot plot reporting paired data of the number of correct movements/min in the

active comparator and vibratory feedback sessions. Difference between sessions is perceived by comparing the points to the diagonal ‘‘line of unity’’.

Figure 2C – Histogram of the absolute differences in the number of correct movements/min (Vibratory feedback – active comparator). The dashed

vertical line indicates no change.
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both sides, the range of motion of all correct movements was
approximately the double of what was set as the minimum for
considering the movement correct.

None of the participants experienced a serious adverse event or
other type of distress symptom during the experimental sessions or
the 24 h thereafter (Tables 2 and 3). There was also no report of
exertion fatigue (Borg score . 13) or pain during any of the sessions
although significantly more patients reported the experimental ses-
sion as moderate intensity activity (Borg’s scale 12–13; 25.6% on the
paretic side and 19% on the normal side). The perceived quality of
movement reported by the patients after each session showed no
differences between the active comparator and the experimental
conditions. On the normal side, the quality of movement was given
higher performance scores (Table 3). There was no correlation
between the number of correct movements identified by the device
and the perceived quality of movement reported by the patient on
either the normal or the paretic side.

Effect of session order on the primary endpoint. Since this was a
cross-over trial the possibility of a carry-over effect attributable to a
short wash out period was investigated. For the paretic side, the
number of correct movements was higher in the experimental than
in the comparator session in the two study arms with different order
of sessions. The average within subject increase in the comparator -
experimental study arm was 6.9 correct movements/min (SD 5 8.0:
95% CI [3.4;10.4]; P 5 0.001) and in the experimental – active
comparator arm 7.4 correct movements/min (SD 5 6.9; 95% CI
[4.3;10.5]; P , 0.001). There were no significant differences when
comparing the absolute increase of correct movements per minute
between the two study arms (P 5 0.82). A similar pattern was found
in the normal side trial. The average within subject increase in the

active comparator - experimental study arm was 8.2 correct
movements/min (SD 5 8.8; 95% CI [4.2;12.2]; P , 0.001) and in
the experimental – active comparator arm 5.1 correct movements/
min (SD 5 6.5; 95% CI [2.2;8.1]; P 5 0.02). There were no significant
differences when comparing the absolute increase of correct
movements per minute between the two study arms (P 5 0.21).
Performing a comparative analysis of the number of correct
movements per minute between the 1st and 2nd sessions,
disregarding of the session type, revealed no significant differences
in the paretic side (average within subject difference 0.1 correct
movements/min; SD 5 10.3; P 5 0.95) nor in the normal side
(average within subject difference -1.5 correct movements/min; SD
5 10.2; P 5 0.34).

Exploratory analysis of the effects of neglect, motor function and
other factors on the primary endpoint. In patients with neglect the
average within subject increase in the number of correct movements
was 6.0 correct movements/min (SD 5 4.2) on the paretic side. This
increase was not significantly different (P 5 0.45) from the increase
observed in patients without neglect (within subject average of 7.5
correct movements/min, SD 5 8.1). Regarding the trial in the normal
side, the increase in the number of correct movements in patients
with neglect also did not differ significantly from patients without
neglect (6.0 correct movements/min (SD 5 4.3) and 7.5 correct
movements/min (SD 5 8.1 respectively; P 5 0.59).

Although there was a positive univariate correlation between the
number of correct movements in the paretic side in the active com-
parator session and the results of the NIHSS (P 5 0.004), motor
NIHSS (P 5 0.006), NIHSS at admission (P 5 0.004) and motor
NIHSS at admission (P 5 0.004), none of these factors had a signifi-
cant effect in the variation of correct movements per minute between

Table 2 | Secondary end point in the paretic side

Active comparator Vibratory feedback P value

Total number of movements per minute (correct and incorrect) 24.7 (11.6) 30.0 (12.0) ,0.001{

average (SD) [21.1;28.8] [26.1;33.4]
Range of motion of all correct movements 58.4 (20.4) 55.4 (17.5) 0.13{

degrees, average (SD) [52.1;65.5] [50.2;62.1]
Time between correct movements 3.7 (2.3) 3.4 (3.6) 0.34{

seconds, average (SD) [2.9;4.5] [2.1;4.5]
Cumulative amplitude of correct movements per minute 1028.0 (736.3) 1258.5 (755.4) 0.001{

degrees, average (SD) [838.1;1293.8] [1061.2;1567.2]
Cumulative amplitude of all movements performed per minute 1325.6 (756.5) 1494.8 (829.9) 0.003{

degrees, average (SD) [1076.5;1532.2] [1253.6;1766.4]
Pauses per minute and per correct movement 0.092 (0.06) 0.088 (0.06) 0.67{

average (SD) [0.074;0.11] [0.071;0.11]
Fatigue (%)*
0 (0–5) 0 0
1 (6–11) 97.7 74.4
2 (12–13) 2.3 25.6 0.002{

3 (14–15) 0 0
4 (16–20) 0 0
Pain (%)
0 (no pain) 100 100 NA
1 0 0
2 0 0
3 0 0
4 (interruption due to pain) 0 0
Any adverse event 0 0 NA
Perceived quality of movement (%)
0 (very bad) 0 0
1 (bad) 9.3 9.3 0.08{

2 (good) 79.1 67.4
3 (very good) 11.6 23.3

*Number between brackets represent the correspondence with Borg’s perceived exertion scale;
{Paired samples T test,
{McNemar’s test.
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sessions (P 5 0.88; P 5 0.93; P 5 0.96 and P 5 0.98 respectively.) The
variation of the primary endpoint between the sessions was also not
affected by gender (P 5 0.60), age (P 5 0.96), educational attainment
(P 5 0.64) or time since stroke onset (P 5 0.25).

Discussion
This study explored the effect of an innovative wearable rehabilita-
tion device (SWORD) on the quality of performance of a specific
repetitive upper-limb task. The hand-to-mouth task, extensively pre-
scribed to stroke patients in the course of their rehabilitation pro-
grams3,27, is necessary for the completion of several important daily
living activities and part of several widely used scales that evaluate
upper-limb motor functioning28,29. To our knowledge this cross-over
trial was the first to systematically address the effect of targeted
vibratory feedback on the modulation of motor performance in the
first month after stroke.

The performance in a training session under vibratory feedback
was compared with an active comparator session (repetitive task
only) within the same subject and under 3D movement character-
ization. The experimental setting chosen, reproduced a first post-
stroke repetitive task session prescribed by a therapist before patient
discharge from the stroke unit. For the efficacy outcome (primary
end point) this study revealed a 2.8 times increase (95% CI [1.2; 4.4])
in the number of correct hand-to-mouth movements performed per
minute of training under vibratory feedback. This corresponded to
an absolute increase of 7.2 (95% CI [4.9;9.4]) correct movements per
minute. The effect on the quality of the task occurred during a first
session on the paretic side, without previous exposure to therapist
supervised practice. Additionally, under these particular circum-
stances and namely within the first month poststroke, vibratory

feedback was found safe (no adverse events, exertion fatigue or pain),
which is in line with previous results25.

Most importantly, for the primary outcome defined, the size of the
study was appropriate and there was no evidence of a carry-over
effect on the primary outcome results. No differences were detected
between the results of the first and second sessions in each patient,
either for the vibratory feedback or active comparator. Additionally,
there was no correlation between the number of correct movements
identified by the device and the patient’ scores of perceived quality of
movement. Although it is impossible to blind patients to a proprio-
ceptive stimulus like vibratory feedback, the absence of correlation
above reinforces the real nature of the effect measured on the primary
outcome. One fifth of the patients were identified as having some
kind of neglect, but there was no significant difference on the effect
size attributable to this variable. The same happened for total NIHSS,
motor NIHSS, age, gender education or time since stroke onset.

One interesting finding was that although the total number of
movements (correct and incorrect) was also higher under vibratory
feedback, the absolute effect of the vibratory feedback on the number
of total movements was smaller than the effect on the number of
correct movements (average within subject increase of 4.7 move-
ments/min vs 7.2 correct movements/min). The analysis of the prob-
ability of correct movements among total attempts performed per
minute under each condition depicted a probability of performing an
incorrect movement of 153 in the active comparator vs 159 under
vibratory feedback. This difference in the overall quality accrued with
the difference in intensity observed under vibratory feedback. If we
hypothesize the long-term use of the SWORD device in an outpatient
setting24, these two effects may be relevant for functional network
reorganization, adaptation, motor relearning and skill acquisi-

Table 3 | Secondary end point in the normal side

Active comparator Vibratory feedback P value

Total number of movements (correct and incorrect) 30.1 (15.4) 32.61 (12.5) 0.160{

average (SD) [25.3;35.5] [28.6;36.7]
Range of motion of all correct movements 65.6 (13.4) 66.9 (17.8) 0.502{

degrees, average (SD) [62.0;71.3] [61.8;74.1]
Time between correct movements 3.8 (4.3) 2.4 (1.3) 0.31{

seconds, average (SD) [2.5;5.2] [2.0;2.8]
Cumulative amplitude of correct movements per minute 1460.4 (829.3) 1838.8 (889.1) ,0.001{

degrees, average (SD) [1201.1;1798.0] [1602.2;2212.8]
Cumulative amplitude of all movements performed per minute 1726.2 (756.4) 2032.4 (880.1) ,0.001{

degrees, average (SD) [1479.2;2035.3] [1741.7;2372.0]
Pauses per minute and per correct movement 0.093 (0.051) 0.087 (0.054) 0.50{

average (SD) [0.08;0.11] [0.07;0.10]
Fatigue (%)*
0 (0–5) 0 0
1 (6–11) 95.5 81.1
2 (12–13) 2.3 19.0 0.039{

3 (14–15) 0 0
4 (16–20) 0 0
Pain (%)
0 (no pain) 93.0 93.0
1 7.0 7.0
2 0 0 1.00{

3 0 0
4 (interruption due to pain) 0 0
Any adverse event 0 0 NA
Perceived quality of movement (%)
0 (very bad) 0 0
1 (bad) 0 0 0.727{

2 (good) 32.6 28.6
3 (very good) 67.4 71.4

*Number between brackets represent the correspondence with Borg’s perceived exertion scale;
{Paired samples T test,
{McNemar’s test.
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tion8,30,31. Their combination may assist the implementation of early
poststroke home-based regimens consisting of progressive daily
repetitive skills practice while simultaneously reducing error repe-
tition through uninterrupted training programs7,27,31.

Other efficacy secondary outcomes such as range of motion, time
between movements and cumulative amplitudes were in line with the
findings discussed above. The number of pauses reflected the regu-
larity of the physical effort performed during training and no differ-
ences were observed between the experimental and active
comparator sessions, in spite of the significant increase in the overall
number of correct movements in the experimental session.

The data of the trial performed on the non-paretic side of stroke
patients, despite depicting similar results for the absolute and relative
differences on outcomes between the two conditions, must be judged
with caution. The experiment was conducted first on the non-paretic
side, primarily to ensure that all participants understood the dynamic
of the trial, and for this reason were more susceptible to learning
effects in spite of the wash out period. Furthermore, the tasks pre-
scribed for the non-paretic side, although of greater amplitude, were
easier to complete if the overall upper-limb functioning of both sides
(paretic and non-paretic) was taken into consideration. These lim-
itations also apply for comparisons between paretic and non-paretic
side effects.

Although this study strongly suggests that the vibratory feedback
with 3D quantification of movement improves the intensity and
quality of training, the long-term clinical impact of its use in post-
stroke motor rehabilitation is not yet determined. To demonstrate
generalization and clinical relevance, longer clinical trials with func-
tional outcomes are required to assess the effect of the continuous use
of this method in a parallel group randomized trial (e.g. regular
treatment plus up to 30 min/day of several progressive tasks, under
vibratory feedback/3D quantification, over 4 weeks). Nevertheless,
the distribution of age, gender and level of education of the partici-
pants was similar to the characteristics of those patients admitted
with a medial cerebral artery infarct in a stroke unit. Ischemic stroke
patients with TACI, NIHSS scores . 10, mRS . 4 and Barthel index
below 40 are underrepresented in the trial due to the exclusion of
patients with severe aphasia or complete upper-limb plegia in the
first month poststroke. Posterior circulation and hemorrhagic
strokes were excluded. Patients with clinically detectable forms of
apraxia were also excluded from this trial and may represent a sub-
group amenable to this type of intervention32.

Other limitations of this study deserve comment here. The dura-
tion of each hand-to-mouth session was short, 2.87 min on average.
This occurred mainly due to the decision to keep the effort of the
session below the maximum level of exercise tolerated by the patient
and to the poor cardiovascular condition perceived by the clinician
during baseline medical assessment. Pre-morbid deconditioning due
to sedentary behavior has been recognized as an important problem
to address in current neurorehabilitation programs33,34. Clinical
application and long-term outpatient trials will implicate a compre-
hensive approach, with more tasks available for prescription and
focused on progressive upper limb and lower limb training.
Moreover, despite the selective inclusion criteria, the patients
enrolled convey high heterogeneity with one third having subcortical
lesions and the other two thirds a varied combination of cortical and
subcortical lesions. Subclinical forms of apraxia were not actively
searched and may have an effect on the results of the intervention32.
All these issues must be addressed in the future planning of research
and sample size estimations for the study of the mechanisms behind
the effects verified35–37.

In the field of poststroke rehabilitation, the findings of this study
are in line with the well-recognized need to further characterize the
interaction between training and brain plasticity in the first three
months after stroke31,35. More specifically, having shown that a wear-
able device combining 3D motion analysis with targeted vibratory

feedback (SWORD) was able to increase the quality and intensity of a
specific repetitive task, we may now explore its long-term effects and
combination with other neurorehabilitation methods in the most
sensitive period after stroke. The study of the combination of
error-based and reward-based training methodologies and of the
effect of kinematic controlled progressive tasks on the reduction of
unlearning and motor forgetting between rehabilitation sessions36,37

is essential for the development of successful neurorehabilitation
strategies that lead to improved recovery of function through reac-
quisition of normal movement patterns31,38. Finally, ongoing efforts
to improve the SWORD device for home-based remotely supervised
training will also address the growing need for technological tools
that open the possibility for large scale cost-effective home-based
rehabilitation activities39. These will be important in the near future
to guarantee organization of services and the continuum of post-
stroke care14,15.

In conclusion, vibratory feedback was able to increase the intensity
of movement and simultaneously its overall quality. If we consider
that contemporary rehabilitation strategies to improve motor func-
tion after stroke are centered on high-intensity repetition of pro-
gressive skilled tasks3,27 these findings may be of considerable
relevance for future research in the field. Furthermore, the combina-
tion of intensity, over long periods of time, with quality control and
motivation provided by feedback on performance are essential to
modulate brain neuroplastic properties8,27,31 and to achieve and
maintain good functional outcomes.

Methods
Study design. The study was a two-sequence, two-period, cross-over study,
randomized between experiment-active comparator or active comparator-
experiment (151), non-blind, conducted at a single center in hemiparetic patients
having their first stroke within 4 weeks before enrollment. The study was designed to
evaluate the efficacy and safety of vibratory feedback, delivered through the SWORD
device, and to determine if it improves the quality of movement (number of correct)
on a repetitive task session performed with the upper extremity (hand-to-mouth).
Both sides, normal and paretic, were tested. This study was registered at http://
clinicaltrials.gov. under the Unique identifier: NCT01967290.

Participants. The study was conducted in a stroke-unit setting that provides care to
400.000 inhabitants and is based in a Portuguese tertiary hospital institution with
clinical and research obligations. Patients over 18 years of age, previously
independent, with a mRS 0–140 and admitted for a first-time ischemic stroke were
screened for study eligibility between May and October 2013 (Figure 3). Participants
were included if they had: 1) clinical symptoms and signs and CT or MRI findings
compatible with a lesion in the territory of the medial cerebral artery; 2) persistent
motor deficit on the upper limb but not plegia with a score between 0 and 2 on items
5a or 5b of the NIHSS41; 3) no more than 4 weeks after stroke onset; and 4) the ability
to sit for more than one hour comfortably and perform two-step commands. Subjects
were excluded if they had: 1) no detectable motor deficits at baseline assessment by the
neurologist; 2) severe aphasia; 3) clinical dementia or mini mental state examination
(MMSE)42 below cutoff; 4) other cognitive or psychiatric comorbidity that impaired
communication or compliance with the tasks; 5) severe respiratory or cardiac
condition incompatible with more than one minute of continuous mild exercise in a
sitting position (e.g. combing hair, brushing teeth); 6) pain or deformity that limited
upper limb movement either on the normal or affected side.

Ethical issues. All participants and caregivers were provided with information about
the purpose and procedures of the study and gave written informed consent.
Approval from the accompanying stroke physician was also obtained to guarantee
safety and management of expectations after the trial. The study received a favorable
opinion by the hospital ethics committee and by the Portuguese National Data
Protection Commission and the methods were conducted in accordance with the
approved guidelines.

Baseline measures. Participant characterization included demographics,
handedness, antecedent and comorbid conditions, pre-morbid mRS, standard
medical and thorough neurological examinations including clinical aphasia, neglect
and apraxia assessment, MMSE, stroke characteristics and treatments. Stroke
description included: date of onset, type, location, Trial of org 10172 in acute stroke
treatment classification (TOAST)43 for etiology, admission NIHSS score and OCSP
classification44 as measures of severity and prognosis. The NIHSS score, the modified
Asworth scale score45 for muscular tonus, the Barthel index46 and the mRS score for
disability and activities of daily living were all used to create a comprehensive motor
and functional profile at the time of intervention. All data were collected by a certified
stroke neurologist.
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Interventions. Experimental - hand-to-mouth task with vibratory feedback. The
session occurred under vibratory feedback and 3D movement analysis. The SWORD
device was in place over the patient’s arm, performing continuous 3D movement
analysis and providing vibratory feedback according to quality performance settings
established by the clinician after patient assessment. If movement was of lower
amplitude or slower than prescribed, a vibratory stimulus was delivered on the
patient’s wrist (Figure 3).

Active comparator - hand-to-mouth task without vibratory feedback. The setting was
the same for the experimental session with the exception of vibratory feedback. The
SWORD device was in place over the patient’s arm, performing continuous 3D
movement analysis.

Technical system used. The version of the SWORD device developed for this trial
included two basic modules, one dedicated to 3D movement quantification and
analysis (placed at the arm) and the other to direct vibratory feedback (placed at the
wrist), connected via Bluetooth with each other and with a laptop computer24,25. The
motion quantification module was composed by a three-axis gyroscope, three-axis
accelerometer and a three-axis magnetometer. These were assembled in a wearable
device that provided continuous 3D vectorial kinematics of the upper-limb and real-
time analysis of the quality of movement26. Quality was assessed according to a
biomechanical model of the upper limb and by confrontation with the parameters
(range of motion, baseline position, rhythm of execution and task duration) set by the
clinician for the hand-to-mouth task (Figure 3)26. The vibratory feedback module
included two DC motors, with eccentric masses encapsulated in a cylinder 25 mm
long and 8.8 mm in diameter47, and was programed to deliver vibratory stimuli at a
frequency of 200 Hz and an amplitude of 46 m/s2 at a rated voltage of 2.6 V25. The
vibratory feedback was set to trigger every time that the patient did not perform a
correct movement, either because the maximum amplitude was not achieved, the
baseline was not reassumed after a correct movement in amplitude or the movements
were occurring at a slower rate than prescribed. Once triggered, the vibratory stimulus
was continuous until a correct movement was performed25.

Randomization. Eligible participants were randomly allocated in a 151 ratio to two
study arms. Balance between arms was guaranteed using random permuted blocks of
two. For one arm the order was an experimental session followed by the active
comparator session, for the other it was the reverse. Although motor deficits after
stroke are not expected to change significantly within the same day, either
spontaneously or due to the intervention, the randomization of the session order was
performed to avoid carry-over effects due to fatigue or learning. Based on previous
experiments25 an obligatory washout period equal to 20 minutes plus the double the
duration of each session was set.

Blinding. Although the investigators and participants were aware of the vibratory
stimuli, they were blind to the primary and secondary movement outcomes being
measured, as those were automatically recorded by the device and only available at the
end of the trial. The statistical analysis was performed blinded for experimental or
active comparator status.

Primary outcome definition. The primary outcome with respect to efficacy was the
number of correct movements performed per minute within the duration of each
hand-to-mouth session, a measure of the quality of movement. This measurement
was independent of the investigator and assessed automatically by the device as
described elsewhere48.

Secondary outcomes definition. Additional efficacy outcomes were considered: i)
the total number of correct and incorrect movements; ii) the average range of motion
in degrees (correct movements); iii) the average time between correct movements in
seconds; iv) the cumulative amplitude of correct movements in degrees; v) the
cumulative amplitude of all movements (correct and incorrect) performed in degrees;
and vi) the number of pauses identified, defined as interruptions exceeding the
average time between correct movements plus one standard deviation. The SWORD
device assessed all these measures automatically.

For the purpose of assessing safety the following outcomes were used: i) patient
expresses feeling fatigued using a visual analogical scale adapted from Borg’s per-
ceived exertion scale49; ii) patient expresses feeling pain using a visual analogic scale;
iii) other distresses identified by the patient or detected through monitoring, at the
end of the session and 24 h thereafter; and iv) self-perception of overall quality of
movement performed during each session. The need to use adapted visual analogue
scales for these safety outcomes (i, ii and iv) resulted from the population’s low
education.

Sample size estimate. In a pilot study (Bento VF, PhD thesis, 2012), the number of
correct movements in the active comparator was estimated at 12.4 per minute (SD 5

6.9). Considering a power of 85% and a two-sided 0.05 significance level, 38 patients
would be necessary to detect a difference of 60% in the number of correct movements
per minute between the active comparator and the experimental sessions for each
subject.

Statistical analysis. To assess between-group differences in clinical and demographic
variables of the patients allocated to the two study arms, independent samples T test,
Mann–Whitney U test, qui-squared test and Fisher exact test were used. To compare
the primary and secondary outcomes between the experimental and active
comparator sessions on the patient’s same side, paired samples T test and McNemar’s
test were used. To identify possible carry-over effects attributable to the cross-over
design two parameters were separately analyzed for the paretic and normal side: i) the
differences in the absolute variation of the primary outcome among the two study
arms, using independent samples T test; and ii) the differences in the number of
correct movements per minute between the first and second sessions, regardless of
session type, using related samples T test. To identify possible determinants of the
base-line performance and of the improvement in motor outcomes observed during
the experimental session, additional analyses were performed using simple and
multiple linear regression models. The statistical analysis was performed in SPSS 21.0
considering a two-sided 0.05 significance level.
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