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SUMMARY

STROKE
This thesis discusses possibilities to foresee successes in rehabilitation treatment 
after stroke. The particular focus is on the additional value of transcranial magnetic 
stimulation to predict chances for recovery from stroke-induced impairments of 
hand function.

Stroke has several meanings. A stroke can denote a caress of a loved one’s 
hand, but the term also embodies the violence that Hippocrates referred to in his 
definition of stroke. He called it apoplexy, which literally translates to ‘struck down 
by violence’. This term underscores the sudden life-changing consequences of the 
condition.
The medical term also comes with multiple definitions that can be boiled down to 
the fact that in stroke the blood flow towards a part of the brain is blocked. When 
brain cells are deprived of oxygen for a fair duration (i.e. more than a few minutes) 
they stop functioning, eventually followed by cell death. 

The cause of a stroke can be the direct blockage of blood supply (ischemia), most 
often in terms of a blood clot. Stroke can also be a result of extensive local bleeding 
by rupture of a blood vessel, yielding an increase of intercellular pressure which 
impedes blood flow into the tissue. 
The symptoms of stroke depend on the part of the brain being involved. Specific 
functions like movement, coordination, speech and attention are coupled to focal 
neural activity. When a corresponding brain area is affected, the associated function 
is impaired.

When blood supply is restored in time, part of the neural network may regenerate. 
The neurons in this area survive, but may take weeks to months before their function 
returns to normal. The part of the brain where impaired function is largely retrieved, 
is called the “penumbra”. This area, combined with unaffected parts of the brain, 
may offer an important perspective for recovery after stroke.
Stroke is a leading cause of impairment and restriction of participation in society. 
The WHO1  estimates that every year around 15 million people suffer a stroke 
worldwide. In the Netherlands, stroke was the second main reason for lost healthy 
life years in 2015. 

1   WHO: World Health Organization
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One third of stroke patients suffer an impairment of functions of the upper 
extremities. This has a tremendous impact on participation in social activities – in 
fact even more impact than expected on the sole basis of the physical deficiencies. 
The goal of rehabilitation is hence to facilitate the patient in maintaining (or retrieving) 
a social role and independence. 

REHABILITATION TREATMENT AND MECHANISMS OF RECOVERY
Rehabilitation treatment follows the structure of the International Classification of 
Functioning (ICF). In this model, the impairments of a patient due to a disease are 
related to activities and participation in society. Personal factors and circumstances 
are considered. An individual framework is created through which the capacities of 
a person can be compared to the actual activities undertaken. The general aim is 
to decrease the difference between the two. After a stroke, the main focus can be 
either (i) towards restoration of the original function, or (ii) towards compensation 
of function.
To make appropriate choices in the timing of these two complementary concepts, 
knowledge about the potential for restoration is mandatory. In the first phase 
after stroke, it provides support for treatment that depends on the revival of the 
penumbra. An adequate decision may allow for adjusting treatment to the potential 
for recovery and to the current endurance and capacities of the individual patient. In 
the second phase after stroke, compensation strategies typically become the main 
target of therapy. This thesis explored a diagnostic approach that may be employed 
to discern the two phases of recovery.

There are different tests indicating the actual level of functioning of a person. And, 
several models have been postulated to predict dexterity and to guide rehabilitation 
treatment. A seminal example is the ‘proportional recovery model’ that succeeded 
to predict outcomes in a majority of patients with mild to moderate impairments of 
dexterity using a single test, the Fugl-Meyer assessment. According to this model, 
these patients demonstrate about 70% of the maximal attainable improvement. 
Other prediction-algorithms involve multiple tests and imaging modalities. The 
capacity of a patient to voluntarily extend (stretch) the fingers is a strong predictor 
and, hence, serves as important ingredient in these models. Yet, it remains a 
challenge to assess which patients will progress according to the predictions. 
Needless to say, a straightforward way to estimate the long-term level of functioning 
in the individual patient is still lacking. 
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TRANSCRANIAL MAGNETIC STIMULATION (TMS)
TMS can provide information about electrophysiological activity propagation 
through the nervous system, typically starting at the cortex. By means of a brief 
but focal and powerful magnetic field, an electrical discharge is induced in nervous 
tissue. This can lead to action potentials that are actively transmitted by nerve 
cells. From the motor cortex, which is a superficial part of the brain that contributes 
to motor control, these action potentials are transferred to the spinal cord where 
motoneurons are innervated and eventually activate muscle cells. This (bio)electrical 
muscle activity can readily be registered using conventional surface electrodes 
attached to the skin above the corresponding muscle belly. The summed electrical 
activity that is recorded forms the electromyogram (EMG) and, when induced by 
TMS, displays so-called motor evoked potentials (MEPs). If the muscles in question 
have been active prior to a MEP, then the MEP is followed by an epoch without 
notable bioelectrical muscle activity. This epoch is coined the silent period (SP). 
TMS can improve the prediction of dexterity after stroke. The advantage of TMS 
over clinical tests is that a direct assessment of current functions can be performed 
without dependence on the patients’ ability to carry out assignments. This is 
important because after stroke a person might show decreased consciousness, 
cognitive impairments, or constraints of speech and comprehension as in aphasia. 

Using TMS the presence or absence of a MEP in upper limb muscles appears the 
best predictor of dexterity. However, a variety of different experimental settings 
and MEP definitions strongly hampered comparison of results. Moreover, different 
muscles or muscle groups have been assessed, which hampers transfer of findings. 
In fact, thus far most studies targeted either small superficial hand muscles or 
larger muscles of the upper arm and the shoulder. Forearm muscles are crucial for 
finger extension but have been underrepresented in previous studies. 
The research described in this thesis intended to clarify which TMS variables are 
suitable for accurate prediction and monitoring of dexterity after stroke. Given the 
fundamental nature of the research, all but one study in this thesis involve healthy 
participants. Only in the final chapter, measurements were performed in stroke 
patients. 
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The SP starts in time at the end of a MEP response to a TMS impulse, and terminates 
by the return to an EMG signal that is similar to what it looks like prior to the 
stimulus. In practice it can be difficult to determine the end of the SP. The literature 
offers various definitions, which might be the reason for the diversity in findings. 
Moreover, this variable has not been coupled to an explanatory mechanism, which 
is unfortunate because changes in SP are believed to inform us about the actual 
phase of recovery.

To fill this lacuna, Chapter 2 considered characteristics of stimulus-response curves 
of the SP as a function of TMS stimulus intensity, and the impact of the definition of 
cutoff points on these curves. While this study did not find any differences between 
SP end cutoff points in proximal muscles, in the distal ones differences could be 
identified. For the latter, there was an effect of rectification2 of the EMG signal. 
Furthermore, the first end cutoff point, here defined as the point at which any 
surface EMG activity could be observed after the MEP, was significantly different to 
the other two end points. The fact that proximal arm muscles did not display any 
differences while the distal ones did may be attributed to the density of intermediate 
inhibitory connections: this is expected to be lower proximally than distally. The last 
cutoff point after the MEP can hence be considered most appropriate for both 
research and clinical application, because it is least impacted by level of muscle 
activation before the stimulus and it is the easiest to be detected automatically. 

Chapter 3 studied the effect of SP definition on agreement between observers. 
Observers often disagreed about the presence or absence of an SP. This can 
have major consequences for the formation of stimulus-response curves and the 
related parameters such as steepness and plateau value. The observers most 
likely concurred in the case of large stimulus intensities and for cutoff points being 
defined as a return to an EMG signal as it was before the stimulus. These results 
support the suggestion in Chapter 2 that the most favorable cutoff point is the last 
in the sequence of events after a MEP. Moreover, for studies that involve multiple 
observers, measurements at high stimulus intensity appear preferable. 

2  Rectification: both negative and positive voltage components of the signal are made positive
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PART 2: MEP VARIABLES OF FOREARM MUSCLES
MEP registration can contribute to estimation of chances for recovery, simply 
because the presence of a measurable response implies that at least part of the 
neural tracts between motor cortex and muscles are intact. However, as indicated 
before, there is a need for uniformity of target muscles when using TMS. Studies 
on clinical predictors of recovery after stroke demonstrate that the quality of finger 
extension and shoulder abduction are most informative in that regard. The second 
part of this thesis examined the usage of the extensors of wrist and hand for 
prognostic TMS studies. The ultimate aim was twofold: (i) the improvement of the 
predictive value of clinical tests; and, (ii) the decrease of the risk for false positive 
outcomes that may arise when results are dichotomous.
Chapter 4 explored the feasibility of selective registration of forearm muscles after 
TMS with multichannel EMG in a healthy subject. Three electrode rings were placed 
around the forearm to determine to what extent the target signal was disturbed by 
signals from adjacent muscles. Apparently, electric volume conduction in the tissue 
of the arm was present, impeding the discrimination of the EMG signal from flexor 
and extensor muscles. This was the case for both direct electrical stimulation of 
the innervating peripheral nerves of the forearm muscles, and for the signal after 
transcranial magnetic stimulation. 

Chapter 5 further elaborated on this study setup in using a group of twelve 
healthy participants. The number of electrodes was extended and placed in 
five rings. Registrations of all possible electrode pairs after electrical stimulation 
of the peripheral nerves in the arm (compound muscle action potential, CMAP) 
and after TMS (MEP) were compared with regard to three different variables. The 
first one, the CMAP amplitude, was expected to indicate an electrode pair that 
would register a signal that without doubt derives from the target muscles. The 
second one, the MEP amplitude, is less appropriate than the CMAP amplitude for 
determination of the most selective electrode pair because TMS simultaneously 
stimulates multiple muscle groups. The third one consisted of set of ratios of 
CMAP amplitudes of muscles innervated by the median and radial nerve. These 
ratios represent specificity for muscle groups of the registered signals, i.e. flexors 
and extensors in the forearm. Optimal electrode pairs were found for the CMAP 
amplitude and the CMAP ratios, both per individual person as well as for the group 
of participants. For the CMAP amplitude after stimulation of the median nerve, 
the individual locations of the optimal electrode pairs were close to the optimal 
locations for the group of participants. This was not the case for the radial nerve. 
The pattern of maximal amplitudes after TMS appeared to be a sum of the patterns 
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but the relative contribution of each of these patterns differed between individuals. 

As mentioned above, Chapter 6 is the only chapter in this thesis that includes 
measurements of actual stroke patients. The predictive capacity of the MEP 
amplitude of the extensor digitorum communis (EDC) muscle in the subacute 
phase after stroke was evaluated. A group of subacute stroke patients underwent 
TMS within four weeks and clinical tests at one and 26 weeks after stroke. The aim 
was to establish whether TMS can add to the predictive value of finger extension 
alone and of more elaborate clinical tests. The aim was also to clarify which muscle 
groups are most suitable for these measurements. Next to EDC, also the biceps 
brachii muscle in the upper arm and the abductor digiti minimi muscle in the hand 
were included in the comparison. As expected, MEP amplitude of the EDC and 
long-term dexterity showed the strongest correlation but the predictive value of the 
clinical tests turned out at least as strong.

CONCLUSION
The studies in this thesis aimed to improve the prediction of recovery of hand 
function and, by this, the choice of therapy type after stroke by incorporating TMS 
assessments. 
The literature did not offer a clear-cut definition of all TMS outcome variables, in 
particular with respect to the silent period. While the proper cutoff point definition 
in healthy participants is provided, applying it and testing its predictive capacity for 
recovery in stroke survivors remains subject for future studies. 

Placing electrodes in forearm locations for selective measurements of a specific 
muscle (group) is a challenge, if at all possible. Yet, for answering the central question 
about chances of recovery, this may not be problematic. Selectivity may not even 
be desired. If any of the forearm muscles generates a response to the stimulation, 
this implies that at least part of the connection with the brain has remained intact. 

There are obvious theoretical and practical reasons why TMS measurements can 
potentially support predicting the recovery of hand function after stroke. The rather 
inconvenient truth is that with the results obtained thus far, including those in this 
thesis, prediction from clinical tests can hardly be augmented. Currently, the TMS 
variable that improves prediction of function after stroke is still a hidden potential.


