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CHAPTER 8

General discussion



General discussion8 
Main findings

limb rehabilitation after stroke, namely unilateral and bilateral training. The main 
goals were to assess the relative effectiveness of unilateral and bilateral upper 
limb training at a group level and as a function of patient characteristics, and to 
determine what changes in underlying mechanisms are associated with functional 
improvement after stroke. The thesis was built around the ULTRA-stroke (acronym 

recruited between one to six months after stroke.

First, an overview and qualitative evaluation of the clinical applicability of bilateral 

limb training devices for rehabilitation after stroke is rather limited and not yet of 
such caliber that the devices in question and the concepts on which they are based are 

the two approaches except one. For patients with a mild upper limb paresis starting 
the intervention in the chronic phase after stroke a marginally positive effect in 
favor of unilateral training was found. However, the obtained effects were small and 
below the conventional threshold of a clinically meaningful change.42,152,157-159 The 

recovery, and which post-stroke conditions are indicative of either approach.
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which no previous unilateral versus bilateral comparison studies were found in 

neurophysiological changes induced by these interventions were investigated. The 

between groups in change scores on the primary and secondary outcome measures 
11 

meta-analysis.

For a better understanding of the associated mechanisms of upper limb function 
improvement after unilateral and bilateral training, the effects on bimanual 
coupling strength were also investigated as part of the ULTRA-stroke program. 

which were used to discern intended and unintended coupling effects between the 

baseline to post-intervention and from post-intervention to follow-up regarding 
intended and unintended interlimb coupling. Unilateral and bilateral training (and 

of bimanual neural coupling. However, a more likely explanation may be found in 

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

The focus of research was then shifted from the discrepancy between unilateral 
and bilateral training to the relation between observed and perceived upper 

meaningful improvements in upper limb motor capacity, following the ARAT, were 
matched by subjectively meaningful improvements in upper limb performance, 
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of upper limb therapy and a follow-up period. Remarkably, there was not always 

improvements. This indicates that capacity and self-perception measures represent 

of a wide range of outcome measures, including objective and subjective measures, 

baseline. Patients with a lower level of education and a higher mood score showed 

SIS-Hand and the capacity improvement measured with the ARAT when compared 
to those with a higher education and lower mood score at baseline. The relevance of 
the predictive values of these two determinants remains speculative and requires 
further investigation.

research as described in the present thesis, as well as a discussion of clinical 
implications and future considerations.

Communalities of unilateral and bilateral upper limb training

Based on the results reported in the present thesis, it appears that the selection of 
intervention type is less important than the active involvement of the paretic upper 
limb in therapy. One common denominator of the three interventions in the ULTRA-
stroke trial was the active training of the paretic upper limb and the instruction 

non-paretic upper limb; cf. forced-use272 13,29 active exercise of the paretic upper 

ULTRA-stroke trial also entailed active exercise of the paretic upper limb. In all 

effects in all intervention groups, although any additional effects of spontaneous 
mechanisms of recovery, such as reperfusion of penumbral tissue and alleviation of 
diaschisis, cannot be ruled out.54,109

Another communality of the interventions in the ULTRA-stroke trial was the 
intensity of the treatments. Similar to the active involvement of the paretic upper 
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limb in therapy, treatment intensity may be a far more important determinant 

approaches,54,273 such as unilateral or bilateral training. The results of the ULTRA-

improvements after interventions of equal intensity, some comparing unilateral 
and bilateral training,25,57,60 and others comparing either unilateral or bilateral 
training with conventional treatment.56,58,59 Alternatively, one of the criticisms of 

7 is that the interventions were not dose-matched, 

112,113,274 

the mechanisms of recovery, the optimal intensity of training will remain a topic 
of debate. Meanwhile, the individual patient who desires a tailored intervention 

such as his or her individual characteristics, other disorders as a result from the 
stroke, and the rules and regulations of the healthcare system.51,54,275 

Distal control

Stinear and colleagues developed an algorithm for predicting the potential for 
recovery of upper limb function after stroke.32,39 According to this algorithm, 

32,40 The meta-analysis presented in 

trial the same inclusion criteria related to distal control were applied as in the 

7 After the pretests, the patients 

the group analyses, additional analyses could be performed on these subgroups 

larger positive impact on upper limb function in the higher-functioning group and 
that bilateral training had a larger positive impact on upper limb function in the 
lower-functioning group. However, these subgroup analyses have to be treated with 
considerable caution given the small sample sizes.

Furthermore, in the ULTRA-stroke trial the training of distal extension in the two 
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an early return of distal control35-38 and based on a meta-analysis on upper limb 
robotics,61 distally oriented training was expected to be more effective than a 
proximally oriented approach in terms of regaining upper limb capacity. Moreover, 
there is very limited evidence available for interventions to improve hand function,5 

in favor of the experimental interventions compared to the control treatment. 
Possibly, differences between intervention outcomes may be detected when distal 
extension training is started earlier post-stroke, when homeostatic neuroplasticity 
is most apparent276,277 and assumed to support motor learning and neural 
repair.35-38,108 Alternatively, the potential for recovery of distal control (and upper 

36,39 This would 

for example through distal training, unattainable, and may be the reason for the 
relative absence of interventions showing a consistent pattern of improvement in 
hand function.5

Interhemispheric interactions

An additional factor that may affect upper limb training after stroke (although 

After a stroke, the balance of excitatory and inhibitory interactions between 
both hemispheres is disrupted, with the unaffected hemisphere having a larger 
inhibitory drive over the affected hemisphere than vice versa.278,279 Increasing 
the excitability of the affected hemisphere, in order to enhance functional recovery, 

280-287 However, both 

the lesioned hemisphere and thus rebalance the interhemispheric inhibition. With 

limb is presumed to lead to a decrease in excitability of the non-lesioned hemisphere 
followed by disinhibition of the lesioned hemisphere.122,193,194,288 On the other 
hand, bilateral training, in particular when involving mirror-symmetric movements, 
allegedly modulates the inhibitory processes through bilaterally shared movement 
commands (through which the two upper limbs are coupled and controlled as a 
single unit66,289 16,22,78,290 Whether these 
proposed mechanisms were in operation in patients in the ULTRA-stroke trial 
cannot be derived from the results presented in the present thesis. However, 
intended and unintended bimanual coupling were investigated and the results 
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implies that bilateral and unilateral training may invoke similar changes in bilateral 
coupling. However, how these changes in coupling are effectuated by training, and 
relate to the rebalancing of interhemispheric inhibition, is unclear and remains to 
be investigated.

Methodological considerations

The limitations of each of the studies presented in this thesis have been described in 
the individual chapters. However, there are some general methodological concerns 
that deserve further discussion. A primary concern is related to the small numbers 
of patients. In the systematic review and meta-analysis of unilateral and bilateral 
upper limb training comparison studies only a small number of studies were 

short history of bilateral training, and probably as a result of publication bias.291 
This prevented a thorough sensitivity analysis to investigate characteristics that 

except for the severity of the upper limb paresis and the time of intervention after 
stroke. Moreover, the data in the meta-analysis were obtained predominantly from 
patients with chronic stroke suffering from a mild upper limb paresis. Only a few 
patients with severe upper limb paresis were included and no patients who started 
the intervention between one to six months after stroke. The lack of data from the 
latter group in the meta-analysis highlighted the need of the ULTRA-stroke trial.

The sample size in the ULTRA-stroke trial may appear small but the recruited 
number of patients was based on a power analysis performed before the start of 
the trial, which indicated that 15 patients per treatment group were required. 
Expecting a drop-out of less than 25%, 20 patients per group were recruited. These 
were all patients with an initial favorable prognosis for upper limb outcome,35-38 
Hence, the between-subject variances were low (due to existing homogeneity of 

on the obtained differences in the post-intervention ARAT scores, thousands of 

One should have considerable reservations about recruiting such a large sample, 
given the associated ethical and practical issues, while the relevance to stroke 
rehabilitation is expected to be minimal.

The second general issue concerns outcome measures and clinical relevance. 
Outcome measure selection is a process of deliberate consideration. There is no 
single measure that evaluates all aspects related to upper limb paresis after stroke. 
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Therefore, a number of outcome measures were selected in the ULTRA-stroke 

primary outcome measure. The ARAT is a widely used capacity measure of upper 
limb function with excellent clinimetric properties.159,208 and high concurrent 
validity with the WMFT.155 However, for the interpretation of changes over time, 

the changes have clinical relevance or are meaningful to the patient. To cope with 

based methods. The disadvantages of a distribution-based method are that the 

based method, on the other hand, varies with the anchor. The anchor is usually a 

whether or how much improvement is perceived. Hence, the anchor itself is a self-

248-251 In the studies presented in the 

Another concern to be discussed is the methodology used to investigate the 

used in this study differed on a number of characteristics from the original 
protocol introduced by Ridderikhoff and colleagues.20 The main reason for the 
methodological disparity is that in the ULTRA-stroke program patients with 
an upper limb paresis were tested instead of healthy subjects. This required 
a reduction of the number of tasks to shorten the assessment time and the 
creation of sinusoidal passive movement trajectories for two tasks instead of 

As a consequence of these irregularities, it was impossible in the analysis to 
calculate the discrete relative phase between both hands based on the moments 

calculated. Due to the changes made in the protocol and analysis, it was not feasible 
to address the different sources of interlimb interactions.20 However, with this 
alternative analysis approach it was possible to determine the movement pattern 
in terms of its relative phase, and to determine changes in coupling strength. 
Furthermore, the same data still allowed for the extraction and analysis of two 
additional indicators of control over the paretic hand: amplitude and movement 
harmonicity.
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Further considerations
For the individual patient it is important that an intervention is tailored to his or 
her characteristics, health condition, contextual factors, personal desires, needs, 

of recovery in the desired direction. However, a proper insight into the process of 
recovery after stroke is lacking.

This paucity of insight calls for a step back from the ULTRA-stroke program and 
requires a broader view of some fundamental issues in upper limb recovery after 
stroke. First, it is important to investigate whether an intervention indeed has any 

is considered the typical stage of rehabilitation (from stroke onset up to three to 

an upper limb intervention with a group receiving a sham or placebo intervention. 

dose-matched interventions, including conventional treatment, it is impossible to 

beyond spontaneous recovery after stroke.

25,56-60 Irrespective of 
the type of exercise performed in the intervention, previous research suggests that 
greater treatment intensity will lead to better outcomes (cf. the success of original 

5,7,49-51,54,273,292 For this reason, one may ask oneself whether a dose-
matched trial in which three hours per week exercise therapy is offered next to usual 

properly conducted dose-response trials are lacking in stroke rehabilitation.

Also the timing of the intervention plays a role. There is strong neurobiological 
evidence for a critical time window early after stroke onset, in which homeostatic 
neuroplasticity is most apparent and assumed to support motor learning and 
neural repair.276,277 It is in this time window that interventions are expected to 
optimally stimulate the recovery process. Therefore, as stated before, differences 
between intervention effects are most likely to be detected within this critical 
time window. However, with regard to the intensity of the intervention, it has been 
suggested that in the acute phase after stroke high-intensity practice may be less 
favorable. This suggestion is based on one study in humans,58 which reported less 
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studies have found that intensive practice of the affected limb in rats is harmful if 
initiated too soon after stroke,293-296 when the penumbral tissue is presumably still 
vulnerable.297 In addition, it has been suggested that the effects of early practice 
may depend on cortical or subcortical involvement. Detrimental effects of overuse 
of the affected limb were found in rats with an exclusively cortical infarction, 
whereas in rats with an exclusively subcortical infarction harmful effects of disuse, 
not overuse were found.298 Nevertheless, harmful effects of early intensive practice 
in humans have not been reported.137

The foregoing discussion does not imply that gains cannot be made at much 
later stages after stroke. There are examples of patients improving upper limb 
function years after stroke onset.29,69,299

improvements may suggest that the full potential was not realized earlier. Second, 
the circumstances are very likely to be different from earlier after stroke, allowing 

comparison, but at the same time has no effect or is even detrimental for a subset of 

is a major disadvantage of this type of research. For example, the relationship 
between the individual functional outcomes and collateral neuropsychological 

300-302 and emotional disturbances,303 and motivational state304 may 
provide a better insight into the mechanisms of an intervention. Note that the 

additional individual meta-analyses using data from completed clinical trials.305

Implications for clinical practice

Although null results in intervention comparison studies are usually not desired, 
they provide important information for both scientists and clinicians. Null results 
spur the scientist to further investigate the parallels of the interventions that led 

therapy and in daily activities. Alternatively, they should also challenge scientists to 
investigate whether there were indeed differences between the assumed underlying 
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mechanisms of the interventions, for example with kinematics, electromyography 

otherwise, the results presented in the present thesis indicate that modesty with 
regard to claims of superiority of one type of intervention over the other appears 
to be appropriate. This means that clinicians may expect similar results when 
applying either a unilateral or a bilateral intervention, and are therefore advised 

and goals. However, based on the results of our meta-analysis, a unilateral approach 

limb paresis in the chronic phase after stroke. In intervention selection there will 

device,306 although a restraint may be of lesser importance.307 On the other 

be alleviated with the help of patient-relevant music and/or a computer game to 
enhance compliance.308-310 

Future directions

from an upper limb intervention and how the underlying learning process evolves 
over time. To this end, patients should not only be tested before and after an 
intervention, but also serially during the intervention (cf. the Explicit-stroke trial311

With tests only before and after an intervention much information about the time 
course may be lost. With the help of serial tests changes during the intervention 
can be monitored, which may have implications for the intervention. It is plausible 
that the content and intensity may have to be changed based on the progress made 

include subjective, self-perception measures as primary outcomes in addition to the 
commonly used objective, observational capacity measures. This implicates that 

of upper limb function in their power calculations for patient recruitment in trials. 
Similarly, clinicians are advised to set rehabilitation goals that can be measured not 
only with capacity measures but also with self-perception measures of upper limb 
function in consultation with the patient.

performance, and activities of daily living, but also by using kinematic measures. 
After stroke, restitution by neural repair and substitution of function by 
compensatory movements both contribute to the process of upper limb function 
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recovery. These compensatory movements demonstrate the redundancy in motor 

distinguishing between restitution of function and compensatory movements than 
kinematic measures.312,313 With the help of kinematic measurements (possibly 

314-316

paretic upper limb movements can be investigated in parallel with the non-linear 
improvements in functional ability and shed light on what actually changes during 
recovery.317-320

The incorporation of measures of neural reorganization will provide further 
essential information. For example, Whitall and colleagues compared the effects 
of unilateral and bilateral upper limb training in patients with chronic stroke.25 In 

examinations before and after the intervention. Although the clinical results were 
similar after both types of intervention, the neuroplastic mechanisms were not. 
Bilateral training led to a greater increase of activation in the ipsilesional precentral 
gyrus and contralesional superior frontal gyrus (associated with improved upper 

and neuroplasticity, which states that no single pattern of neuroplastic change is 
observed during recovery, although neuroplasticity seems to depend on the content 

lesion.321 This is an interesting conclusion, because it implies that there is valuable 
information to be gathered from the relations between the pattern of neuroplastic 

stroke trial examinations of treatment-induced neuronal reorganization were also 

electrical activity within and across hemispheres. Synchronization of neural 
activity is deemed crucial for information processing in the nervous system.322 

intention to investigate treatment-induced changes in these patterns, as well 
as changes in spectral power in the movement-related frequency bands. With 

synchronization of neural activity can be supplemented with an examination 
of cortico-spinal synchronization.322,323 Unfortunately, however, at the time 

incomplete. From the analysis, cortical reorganizations primarily in the ipsilesional 
hemisphere (i.e., increased phase synchronization between regions surrounding the 

coupling between the lesioned and the contralesional hemisphere are expected 
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Nevertheless, the results are anticipated to provide a better insight into the changes 

and functional improvements after the intervention. The information derived from 
these analyses may complement prediction models and help improve algorithms, 
such as proposed by Stinear and colleagues.39

Taken together, it is reasonable to expect that the additional information from 
serial testing, kinematic analyses, and measures of neural reorganization will help 
clinicians in selecting an appropriate intervention.

Concluding remark

The ULTRA-stroke program was a translational research program that provided 
valuable information for upper limb rehabilitation after stroke and is expected to 
yield further useful results in the near future. This research shows that conceptually 
different rehabilitation approaches can lead to similar clinical outcomes. Likewise, 
even kinematic analyses can present comparable results after different types of 
training. Therefore, modesty with regard to claims of superiority of one type of 
intervention over the other seems to be called for in intervention selection.




