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Abstract
Background: Bilateral training in post-stroke upper limb rehabilitation is based 
on the premise that, through neural coupling effects, training of paretic upper limb 
function is facilitated by simultaneous movements of the non-paretic upper limb.

Objective: To determine whether the degree of coupling between both hands is 
higher after bilateral than after unilateral training and control treatment.

Methods: In a single-blinded randomized controlled trial we investigated rhythmic 

suffering from stroke. To this end, we used a series of tasks to discern intended and 
unintended coupling effects between the hands. In addition, we investigated the 

All tasks were performed before and after a 6-week intervention period, and at 
follow-up six weeks later.

Results:
from baseline to post-intervention and from post-intervention to follow-up 

movement harmonicity and larger amplitudes with the paretic hand after training 

Conclusions:
higher after bilateral than after unilateral training and control treatment. Although 

likely due to the type of movements employed during this training protocol.
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Introduction
Many, if not most, of our daily activities involve the simultaneous use of both 
hands.223 One of the prominent arguments to provide bilateral training to patients 
suffering from a unilateral upper limb paresis following stroke capitalizes on 
this basic observation.41 Bilateral arm training protocols, such as Bilateral Arm 

8,9,25 are based on the premise 
that, through neural coupling effects, training of movements of the paretic upper 
limb is facilitated by simultaneous movements of the non-paretic upper limb. These 
coupling effects are engendered through intact neural pathways connecting both 
sides of the central nervous system, such as the corpus callosum.22-24

In contrast to bilateral arm training, there are also protocols in which training 

7 A meta-analysis and recent experimental 
studies directly comparing the effects of equally intensive bilateral and unilateral 
upper limb training have shown that both types of training are similarly effective 

and dexterity.57,71,224

the paretic upper limb after bilateral training does not necessarily result from 
exploitation of the neurally driven coupling effects between the upper limbs, but 
simply from active training with the paretic upper limb. Nevertheless, bilateral 
training may be expected to have the additional advantage of improving bimanual 
coordination, thanks to reliance on this coupling during the training sessions.225

coordination involving healthy subjects,18,20,66,226-229 and may be altered due to 
stroke.230 In the single-blinded randomized controlled Upper Limb TRaining After 

together with the clinical merits of unilateral and bilateral upper limb training and 
a dose-matched control treatment in patients suffering from stroke.73 To provide a 

impacted on the coordination between the limbs, the current study exploited a set 
of experimental tasks that are known to differ with regard to the way in which 
interlimb coupling is involved (based on Ridderikhoff et al.20

pacing signal. In healthy individuals this type of coordination is characterized 
by bilateral coupling between the hands, which serves to stabilize the bimanual 
coordination pattern.185,231 This coupling may involve both afferent and efferent 
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contralateral, actively moving hand. As no auditory pacing signals were provided, 
these active movements needed to be coordinated based on afferent signals from 
the passively moving hand. Hence, the intended coupling between the hands had to 

Task UNm (unimanual coordination, with simultaneous motor-driven movements 

hand, but now the patients had to ignore these movements, while rhythmically 

the passive movements were phase-shifted with respect to the rhythm prescribed 

20,232,233 Task 

between the hands was involved. This task was identical to task UNm, but in absence 
of passive movements of the contralateral hand. 

From the premise that in bilateral training neurally engendered coupling effects 
between both upper limbs are exploited, and in line with empirically observed 
changes in intended interlimb coupling due to practise,225 we hypothesized 
that the degree of intended coupling between the hands would be stronger after 
bilateral than after unilateral training and control treatment; i.e., we expected 

change to occur for both hands, thanks to a higher degree of control over the paretic 

be affected after stroke.234 Thus, after bilateral training we expected increased 

moving hand. Task UNm served an exploratory purpose. Because the associated 
unintended coupling was not targeted in any of the interventions, the entrainment 
effects could be expected to be similar in all training groups. On the other hand, 
it was also deemed possible that bilateral training would help patients to rely on 
this source of coupling, or to become more competent in modulating its unintended 

In addition to changes in the degree of coupling between the hands, we also 
investigated changes in amplitude and movement harmonicity228,235 of the paretic 
hand. These measures served as indicators of control over the paretic hand in 

were expected to increase similarly in the three intervention groups.71,224
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Methods

A detailed description of the ULTRA-stroke trial has been presented elsewhere.73 
Below we present the details relevant to the present study.

Participants and trial

ever stroke and an upper-limb paresis with at least minimal distal control were 
recruited. After obtaining informed consent, a baseline assessment of outcome 
variables was performed. Next, patients were randomized in permuted blocks 

method. Patient characteristics are presented in Table 6.1. The post-intervention 
tests were conducted in the week after a 6-week intervention period, and followed 
by follow-up tests six weeks later.

desired movements.7,29 Patients were encouraged to wear a mitt on the non-paretic 

8,25

movements about the wrist rather than movements of proximal parts of the upper 

recovery.32,36-38,132

existing guidelines for upper limb rehabilitation after stroke.205,206 All patients 
received 60-minute therapy sessions, three days a week for six consecutive weeks. 
They were instructed to practice also outside therapy hours and encouraged 
to perform activities of daily living according to the concept of their allocated 
treatment.

The clinical results of the ULTRA-stroke trial are presented elsewhere.224 Here we 
focus on the bimanual coordination tests to examine changes in neural coupling 
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Apparatus for bimanual coordination tests

two manipulanda with the palms facing inward. The manipulanda, which allowed 

movements, respectively. A grey opaque screen was used to prevent vision of the 
hand movements. Auditory pacing stimuli (pitch: 440 Hz; duration: 50 ms; one beep 

Tasks
Participants executed the four tasks outlined in the Introduction at baseline, post-
intervention and follow-up. For each participant the highest possible movement 
frequency, to be used for all tasks in the test, was assessed prior to each test. For 
this purpose task AB was used, starting with a pacing frequency of 0.6 Hz. The 
frequency was increased in steps of 0.2 Hz until the participant indicated that the 
frequency was the highest possible frequency that could be maintained during 

antiphase coordination patterns.

In task AB participants executed 50 cycles with both hands simultaneously, paced 

peak extension of the left hand had to coincide with the beeps.

sively moving hand with their actively moving hand in a mirror symmetrical fashion 

with both the paretic and non-paretic hand as actively moving hand. Ideally, the 

recorded movements during bimanual coordination,185,228 such that the variability 
in amplitude and cycle duration is identical to that of the active movements during 

patients the recorded movements in task AB would have too many irregularities to 
serve as proper tracking trajectories. Therefore, we also created passive movement 
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40% of the patients we could not obtain passive movement trajectories from task 

For the same reason, the passive movements in task UNm were also based on a 

beeps and the movements of the passively moving hand were to be ignored. For 

to induce a phase difference of -30° between the passive hand and the metronome 

the last 30 cycles, the phase relation between the passive hand and the metronome 
was maintained at -30°. Task UNm was performed with both the paretic and non-
paretic hand as actively moving hand.

In task UN participants executed 30 cycles with their paretic hand, while 

Data analysis
For all tasks, the signals from the potentiometers were converted from Volts to 

nd

indicated an in-phase coordination pattern, whereas a negative value indicated an 
antiphase coordination pattern.  

passive hand movements.20,232,233 This shift was calculated as the mean relative 
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phase in the 25 cycles before the last cycle (i.e., when the passive movements were 

The mean amplitudes of the paretic hand were calculated for tasks AB and UN 
only, to assess the range of motion about the paretic wrist. Task UN served as an 
uncoupled reference for the coupled situation in task AB. For each movement cycle, 

divided by two. The thus obtained amplitudes were averaged for each individual 
trial. Segments in the signal without movement (i.e., when for more than one cycle 
duration the absolute difference between consecutive samples was less than 20% of 

were discarded.

228,235 A higher relative power indicates 

Movement harmonicity was calculated for the paretic hand in tasks AB and UN.

Statistical analyses
We anticipated that not all patients would be able to perform all tasks at every test. 

2 tests to check for group-size differences per task and per test.

We then checked for potential baseline differences between groups using analyses 

randomized allocation of participants, we did not expect any differences between 
groups at baseline.

We conducted a repeated-measures ANOVA on the movement frequencies with Test 

We expected a similar increase in movement frequency for all intervention groups.

Next, the change scores from baseline to post-intervention and from post-

two-tailed, one-sample t-tests to determine which of these change scores was 
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Next, these change scores were submitted to ANOVAs with Intervention as between-

to post-intervention, we expected a larger increase in coupling (i.e., higher absolute 

From post-intervention to follow-up, we expected these changes to sustain. Task 

related to the changes in RP shift. Amplitude and movement harmonicity were 
expected to increase from baseline to post-intervention in tasks AB and UN, 
similarly for all intervention groups.71,224

factor and Intervention as between-group factor for each test and task separately. 

in-phase than for antiphase coordination for AB19,20,236 and possibly also for 
237-239

p f
2 2 for the repeated-

measures ANOVAs with small, medium, and large effect sizes being indicated by 
0.1, 0.25, and 0.4.240 For post-hoc analyses we used t-tests with a Holm-Bonferroni 
correction for multiple comparisons.

Results

Over the course of the ULTRA-stroke trial eight patients dropped out.224 In addition, 
some patients who were unable to execute one or more tasks at baseline were 
able to perform these in later test sessions. Therefore, the number of patients that 
were  included for a given task varied over the tests. For each test on average, 14.5 

2

Table 6.1 shows the baseline data. There were no baseline differences between 

p
However, the effect size was small ( f

The movement frequencies increased per test for all intervention groups 
(F2,72  p  f
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mCIMT mBATRAC DMCT Be-
tween-
group 
pTask (hand) Measure Mean (SD; N) Mean (SD; N) Mean (SD; N) F (df)

Age, years 0.367
Time since 
stroke, 
weeks

0.273

Female/
male

8/14 8/11 3/16 0.183

Arm 
affected, 
left/right

12/10 11/8 11/8 0.969

Affected 
dominant 
side, yes/no

11/11 9/10 7/12 0.678

ARAT  0.932

AB-AP 0.461
Harm 0.771
Ampl 0.705

AB-IP 0.532
Harm 0.853
Ampl 0.893

0.120
(non- 

0.376

0.491
(non- 

0.233

UNm RP Shift 0.261
(non- 

RP Shift 0.094

UN Harm 0.018
Ampl 0.508

therapy

rhythmic auditory cueing

SD: standard deviation
df: degrees of freedom
ARAT: action research arm test
AB: active bimanual coordination

movements based on sinusoidal pattern

UNm: unimanual coordination with distracting passive 
contralateral movements
UN: unimanual coordination
AP: antiphase
IP: in-phase

Harm: movement harmonicity
Ampl: amplitude
RP: relative phase

p-values are printed in bold 
face.

Table 6.1
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any of the tests. The mean movement frequencies over all groups increased from 
0.83 Hz at baseline to 0.99 Hz post-intervention (p
at follow-up (p

post-intervention and from post-intervention to follow-up. From baseline to post-

related to changes in movement harmonicity and amplitude were observed from 
baseline to post-intervention. Post-hoc analyses on movement harmonicity (see 

AB for the in-phase pattern (p
p p

(p p
p

Figure 6.1
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p
(p

The results of the comparisons of bimanual coupling for the two coordination 

than during antiphase coordination for task AB in all tests. At baseline and post-

interaction between Pattern and Intervention group at follow-up. Post-hoc analysis 
revealed a stronger coupling in the in-phase pattern than in the antiphase pattern 

Change at Post-Intervention  Between-Group Analysis 

task (hand) measure mCIMT mBATRAC DMCT F (df) p f

AB-AP 0.435 0.05
Harm 0.177 0.10
Ampl 0.001 0.33

AB-IP 0.261 0.06
Harm 0.020 0.16
Ampl 0.004 0.22

0.394 0.06
(non- 

0.617 0.03

0.523 0.03
(non- 

0.345 0.06

UNm RP Shift 0.911 0.01
(non- 

RP Shift 0.894 0.01

UN Harm 0.009 0.20
 Ampl 0.006 0.21

-
ment therapy

with rhythmic auditory cueing

SD: standard deviation
df: degrees of freedom
AB: active bimanual coordination

based on sinusoidal pattern
UNm: unimanual coordination with distracting passive contra-
lateral movements
UN: unimanual coordination
AP: antiphase
IP: in-phase

Table 6.2
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 Change at Follow-Up Between-Group Analysis

mCIMT mBATRAC DMCT F (df) p f

0.087 0.14
0.009 0.25
0.043 0.18
0.705 0.02
0.284 0.07
0.474 0.04
0.840 0.01

0.013 0.27

0.223 0.08

0.738 0.02

0.298 0.08

0.984 0.00

0.029 0.17
0.755 0.01

Harm: movement harmonicity
Ampl: amplitude
RP: relative phase

p-values are printed in bold face.
*p
**p

p

antiphase pattern post-intervention only.

Discussion

The present study yielded some unexpected results. Based on the premise that in 
bilateral training neural coupling effects between both upper limbs are exploited, 
we expected the degree of intended coupling between both hands to be higher 
after bilateral than after unilateral training and control treatment. Our results did 
not provide support for this hypothesis. From baseline to post-intervention, only 
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Correlation Coef icient 

 Antiphase  In-phase 

task Test (active hand) mCIMT mBATRAC DMCT mCIMT mBATRAC DMCT

AB Baseline
Post-Int.
Follow-Up
Baseline
Post-Int.
Follow-Up
Baseline
Post-Int.

 Follow-Up

df: degrees of freedom
AB: active bimanual coordination

Table 6.3

three intervention groups. The results also showed no between-group differences 

degree of unintended entrainment was not differentially affected by the type 
of intervention. Nevertheless, the tasks and measures used in the present study 
proved to be effective tools for investigating bilateral coupling effects. As in 
healthy persons,19,20,241 in the current sample of patients we obtained the typical 
differences in coupling between the in-phase and antiphase patterns in task AB 
at every test. As observed for healthy adults, this difference in coupling was less 

20,232,237-239 

suggest a larger improvement of control over the paretic hand in both coupled and 

similar to those required in the various tests, suggesting that the improvements 
were merely due to practicing rhythmic movements with the paretic hand. Note 

did not translate into better outcomes on clinical measures in favor of bilateral 
training (as presented in van Delden et al.224

relevance of improvement in amplitude and movement harmonicity for functional 
recovery is desirable.
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Pattern Group Pattern*Group

F (df) p f F (df) p f F (df) p f

0.000 0.33 0.659 0.02 0.239 0.07
0.001 0.26 0.381 0.05 0.966 0.00
0.008 0.20 0.197 0.10 0.243 0.09
0.000 0.34 0.077 0.13 0.260 0.07
0.001 0.29 0.261 0.07 0.272 0.07
0.085 0.10 0.245 0.09 0.034 0.20
0.691 0.00 0.283 0.07 0.462 0.04
0.042 0.12 0.232 0.08 0.614 0.03
0.156 0.06 0.816 0.01 0.382 0.06

pattern

p-values are printed in bold face.

A limitation of the present study was the fact that not all patients could be included 
at every test, in one case amounting to only nine patients in one of the intervention 
groups. Nevertheless, the average number of patients per group, per task and per 

of patients that were able to perform a given task was comparable over groups, as 

In conclusion, contrary to our hypothesis, the degree of coupling between the hands 

improvements were more likely due to the type of movements employed during 

potential training-induced changes in bilateral coupling, based solely on kinematic 
analyses. Future research on this topic should involve the study of brain dynamics 

insight into bilateral coupling and its dependency on type of intervention.
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