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A BRIEF SUMMARY OF RESULTS

This thesis focuses on the question whether TMS variables offer additional 
prognostic value over clinical tests for long-term hand function after stroke. In 
part I, the central subject is the definition of begin and end markers of the silent 
period. The chapters in this part continue the work of previous studies that have 
pointed towards the silent period as a relevant variable for prediction.21,28,45,128  
Chapter 2 aimed to set the basis for standardized silent period measurements, in 
particular with regard to the effect of different onset and offset marker definitions 
on the stimulus-response characteristics of the silent period. This was analyzed in 
a proximal (biceps brachii) and distal (abductor digiti minimi) muscle of the upper 
extremity. There were no significant differences for the biceps brachii, but for the 
abductor digiti minimi there were effects of presentation type (rectified versus 
non-rectified) and of marker definition: the first offset marker (that was defined as 
the first return of any EMG-activity) versus the other two. A stronger influence of 
non-cortical excitatory impulses (due to fewer inhibitory pathways proximally) may 
account for the difference between proximal and distal muscle. The offset marker 
that was defined as the return to the level of pre-stimulus EMG-activity is regarded 
the best marker, based on the smallest effect of pre-activation muscle contraction 
and the highest potential for automation of the analysis. 

In succession of these findings, Chapter 3 concentrated on inter-observer 
variability for the same onset and offset markers of the silent period. Two observers 
independently analyzed the same set of sEMG recordings measured in healthy 
subjects. Large variability between persons was an important determinant of the 
data distribution. A notable finding was that disagreement between the observers 
most often involved presence or absence of a silent period. This has major 
consequences for the production of stimulus-response curves and the associated 
parameters such as steepness and plateau value (see Fig. 3.5). The observers 
agreed most at high stimulus intensities and for the offset marker for return to pre-
stimulus EMG-activity (SP3). This provides more support for the preference for this 
last marker in the previous chapter, and favors analysis at merely high stimulus 
intensity over stimulus-response curves when multiple observers are involved.

The pivotal question in part II of this thesis is the choice of upper extremity muscles 
that are measured for an optimal predictive value. The underlying rationale was 
that in clinical tests, not all movements have the same predictive value after stroke. 
Finger extension and shoulder abduction are most strongly related to functional 
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recovery. Therefore, the forearm muscles that perform finger extension were 
considered interesting targets of this type of TMS study. In Chapter 4, three rings of 
electrodes were placed around the forearm of a single healthy subject to determine 
in how far crosstalk from adjacent muscles distorted the focus potential. In this 
person, volume conduction was present to the extent that it was impossible to 
distinguish EMG signal of extensor muscles from flexor muscles, both on peripheral 
nerve stimulation and after TMS. 

This justified further study in a larger group of healthy people, as presented in 
Chapter 5. In twelve healthy subjects, the number of electrodes was increased to 
five rings. Recordings of all possible electrode pairs were compared with regard to 
three different variables. The first variable, the CMAP amplitude, arguably indicates 
the ideal pair of electrodes that can register the presence of a potential, regardless of 
whether it derives from the underlying muscles or not. MEP amplitude, the second 
variable, was the target variable. However, the stimulation method in TMS is less 
selective than peripheral stimulation, which makes it less suitable for determination 
of optimal electrode pairs. The third set of variables, ratios of CMAP amplitudes from 
muscles innervated by median and radial nerve, represent muscle group specificity 
in stimulation of either nerve. For both CMAP amplitude and CMAP muscle group 
specificity (the first and third variables), optimal electrode pairs were found per 
individual and for the group of participants. For peripheral stimulation of the median 
nerve, optimal CMAP amplitude pairs for individual participants were located close 
to participant group optimal pairs, but for the radial nerve, this was not the case. 
In addition, the pattern of maximal amplitudes in TMS (second variable) appeared 
not to be a simple addition of the patterns of peripheral stimulation of the median 
and radial nerves. 

Chapter 6 described a study in a group of subacute stroke patients that underwent 
TMS and clinical tests at multiple times after stroke. The goal was to assess whether 
TMS adds to the predictive value of finger extension and more extensive clinical 
tests. A second aim was to determine which muscle groups should be targeted. In 
this study, the muscles compared were the biceps brachii, the extensor digitorum 
communis and the abductor digiti minimi. As hypothesized, MEP amplitude of 
the extensor digitorum communis had the strongest relation to long-term hand 
function, but the predictive value of clinical tests was much better. 
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GENERAL DISCUSSION

SILENT PERIOD AS PREDICTOR AFTER STROKE
In Chapters 2 and 3, the concept of the silent period as a predictor after stroke 
was the subject of interest. As a measure of prediction after stroke, this variable 
is particularly interesting because it potentially offers information about various 
processes. These processes may play an important role in either recovery or 
compensation of function after stroke. For instance, the silent period itself is 
assumed to consist of at least two phases. The first phase represents a mixture 
of cortical and spinal inhibition, whereas the second phase is supposed to reflect 
inhibition by merely cortical interneurons. The amount to which these two phases 
can be discerned is dependent of stimulus intensity.21,45,128 After stroke, silent period 
patterns have been found that are related to the amount of time that has passed 
since the stroke. In the first weeks to months silent periods tend to be less visible at 
lower stimulus intensities, but after a few months, the silent period returns and even 
becomes more obvious especially at these lower intensities. This phenomenon 
is expected to be associated to functional recovery and to reflect neuroplastic 
processes such as an increase in neuronal reactivity in the subacute phase to 
allow for optimal sprouting and reconnection, and later an increase in inhibition to 
allow for expansion and endorsement of efficient pathways.21,45 A relation between 
expression of time after stroke and the phases of the silent period is hypothesized 
and needs to be further unraveled. In Chapter 3, the smallest inter-observer 
variability was found at a high stimulus intensity. Therefore, there is a preference for 
silent period assessment at high stimulus intensities for three reasons: (I) the inter-
observer variability is smaller than in low stimulus intensities, (II) multiple phases of 
the silent period are supposed to be included and (III) there is a bigger chance to 
correctly indicate a silent period shortly after stroke.

A complicating factor of the silent period as a predictor after stroke is the necessary 
pre-activation, which may be impossible in stroke patients due to paresis. 
Nevertheless, there are indications that the level of muscle pre-activation and the 
size of the preceding MEP are of little importance. The stimulus intensity, however, 
is a determining factor.41,73 This led to the production of a stimulus-response curve, 
which was considered to offer a suitable method to compare persons and to 
assess changes over time.
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SILENT PERIOD DEFINITION
This thesis further elaborates on how to unequivocally measure the silent period. 
The aim was to determine standardized ways of analysis that enable production of 
stimulus-response curves that are both reproducible and capable of demonstrating 
clinically relevant differences. Chapter 2 analyzed whether differing begin and 
end markers influenced the stimulus-response curve parameters, while Chapter 
3 considered inter-observer variability of these markers and the related stimulus-
response curve parameters. Both chapters  concluded that the preferred SP end 
marker is the one that is the last in the sequence of events after a MEP because it 
includes most processes. The inter-observer variability is the least for this marker, 
especially at high stimulus intensities. Therefore, the silent period end marker 
location that is defined as a return to the level of continuous pre-stimulus EMG-
activity in rectified data, has gained further support. The next step should be to 
disentangle the silent period phases after stroke and their meaning for recovery. 

STIMULUS-RESPONSE CURVES OF THE SILENT PERIOD
Stimulus-response curves have been applied in TMS studies in general because, 
as said, variables often depend on stimulus intensity. The deducted parameters 
of these curves would offer numbers that can more easily be compared between 
persons and between measurements. In Chapter 2, the creation of the curves for 
SP quantification was possible without too many difficulties, although the first end 
marker of the silent period (return of any muscle activity) appeared to be more often 
present in lower stimulus intensities where the other end markers were absent. This 
led to less steep curves and lower thresholds. In Chapter 3, creation of stimulus-
response curves was more problematic, up to the point that the curves differed in 
the majority of cases between observers due to disagreement about presence of 
the silent period. Therefore, it was concluded that the insecurity of the fit of the curve 
is too large to enable reliable comparison between measurements. Consequently, 
stimulus-response curve parameters of the silent period have no place in prediction 
of individual hand function after stroke. 

CMAPS IN RELATION TO MEPS
In Chapters 2-4 and 6, the method sections refer to measurement of CMAPs of 
the same muscles as were analyzed for MEPs. This was intentionally and served to 
calculate the ratio between CMAP and MEP, as this ratio is supposed to be more 
appropriate for comparison between people than absolute MEP amplitudes.52 
In Chapter 5, compound motor action potentials were used as a reference to 
assess which part of MEPs derived from which innervating nerve and associated 
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muscles. The median and radial nerve were stimulated separately in the upper 
arm. The CMAP amplitude and electrode pair matrices that were generated for 
these nerves were added up and compared to the matrix that was generated with 
MEP amplitudes. The added CMAP amplitude matrices could be scaled such that 
their superposition resembled the MEP matrix, but for every participant this led to 
separate scaling values.

In this thesis, the general assumption is discussed that the silent period reflects 
inhibition by interneurons both cortically and spinally. Next to that, multiple TMS 
variables exist that are not mentioned in this thesis, and that are considered to 
represent interaction between activated neurons at the cortical and spinal level. To 
resume, a MEP does not reflect a single electrical impulse that travels the distance 
between cortex and muscle, but is the result of a complex interplay between 
excitatory and inhibitory connections between many neurons. This is supported 
by the finding in Chapter 5 that the addition of CMAP matrices per person needed 
a modulation to resemble the individual MEP matrix which could not be predicted. 
Thus, probably the interplay between neurons is not sufficiently considered when 
CMAPs are treated as partial building blocks of the MEPs with a more specific 
anatomical location. 

MUSCLE GROUP OF FOCUS IN TMS PREDICTIONS AFTER STROKE
Clinical practice has moved increasingly towards the assessment of shoulder 
abduction and finger extension for prediction of long-term function after stroke. 
Diverse muscles have been recorded after TMS in studies with the same purpose. 
However, remarkably few studies included finger extension muscles. In reviews by 
Coupar and co-workers, Bembenek and co-workers and Rosso and co-workers, 
respectively 3 out of 18 TMS studies included forearm finger extensors, 0 out of 15 
and 2 out of 22.24–26 In Chapter 4 and 5 of this thesis, the aim was to determine how 
to selectively measure forearm finger extensors, especially how to discern them 
from finger flexion muscles. Chapter 4 demonstrates that a considerable amount of 
crosstalk should be assumed. Chapter 5 shows that certain combinations of sEMG 
electrode positions do lead to signals that mainly derive from the target muscle groups 
(innervated by median versus radial nerve) and are consistent across individuals, 
although supposedly registering a substantial amount of volume conduction. This 
led to the identification of optimal electrode pair locations for assessment of any 
potential at all, regardless of the muscle group it derives from. In all of the pair 
locations, the MEP should still be regarded a sum of local muscle potentials. 
An important question that arises upon these outcomes, is the clinical relevance of 
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a precise location. As is stated in Chapter 5, the aim of the measurement can be to 
establish if there is any signal at all, or to establish where (which muscle) the signal 
comes from. For application in the subacute phase after stroke, it is more interesting 
to find out whether a MEP has actually reached the target muscle group at all, than 
to point out the exact muscle. The more muscles are included in the area that is 
covered by the electrodes, the larger the chance that a signal is recorded. When the 
measurement is repeated with the aim to quantify changes in the nervous system, 
changes in MEP such as a shorter latency, larger amplitude and area under the 
curve, will be visible also with larger interelectrode distance. This thesis therefore 
notes that although crosstalk is present, it has limited clinical relevance for prediction 
after stroke. However, crosstalk may be a problem in other study purposes and it is 
important to be aware of its presence in TMS studies in general. 

Chapter 6 made a comparison between prognostic values of extensor digitorum 
communis, biceps brachii and abductor digiti minimi for hand function after stroke. 
As hypothesized, the electrode pair that included the finger extensors did better 
than the other electrode pairs; the correlation with function at 26 weeks after stroke 
was significant, whereas the others were not. Nevertheless, it was a moderate 
correlation with Spearman’s rho under 0.6. This outcome appears to be at odds 
with previous studies that found stronger relations between MEP variables and 
hand function. It is possible that the discrepancy was caused by the treatment 
of the variables as continuous measures as opposed to dichotomous. Although 
dichotomization is common, it increases the risk of false positive outcomes.129 
This will be further discussed below. The superiority of the finger extensors in this 
thesis justifies further evaluation of this muscle group as predictor, especially in 
comparison to muscle groups that are presently considered strong predictors.

CONTINUOUS AS OPPOSED TO DICHOTOMOUS VARIABLES
As Coupar and co-workers describe in their review of prognostic variables in stroke, 
there is substantial heterogeneity among the studies.25 Among the aspects that 
differ largely between studies, are the cutoff points that are allotted to dichotomize 
continuous variables. Apart from the fact that this complicates comparison between 
studies, it also diminishes possibly useful information. Altman and Royston pointed 
out that dichotomization of a data set at the median roughly reduces the power 
of a study by the same amount as would be reached by discarding a third of the 
data.129 Dichotomization assumes a linear relation between variable and outcome, 
which has not yet been conclusively determined in TMS. More importantly, the risk 
of a positive result being false positive increases. Indeed, in the systematic review 
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by Hendricks and co-workers, contingency tables of dichotomized MEPs display 
a considerable amount of false positives.100 The excessive range in specificity of 
2-99% in their overview was, again, attributed to heterogeneity of the included 
studies. For an assessment that is regarded as non-invasive, but certainly not as 
comfortable by many participants, vigilance concerning reduction of false positive 
outcomes goes beyond dispute. Besides that, patients with false positive outcomes 
may be subjected to therapy that is overly strenuous without benefit. Chapter 6 of 
this thesis demonstrates relatively weak correlations between MEP amplitudes in 
the subacute phase after stroke and Fugl-Meyer assessments at 26 weeks. This 
may be another sign that dichotomization leads to an overly optimistic impression 
of the predictive value of TMS, and continuous data analysis may give a more 
nuanced and realistic representation. 

HEALTHY PARTICIPANTS FOR PREDICTION AFTER STROKE
The first four studies in this thesis were performed in healthy participants, although 
the original intention of the research was to improve prediction after stroke. 
Nevertheless, the research questions evolved around set-up of the measurement 
and interpretation of outcomes, and aspired to contribute to standard methods. This 
does not necessarily require the inclusion of patients. Now that general principles 
for performance of TMS measurements have been tested, the next steps would be 
to verify and apply these findings in stroke patients.

CONCURRENT FINDING: STROKE LATERALIZATION 
Epidemiological studies on stroke populations have found that more patients are 
diagnosed with left hemispheric ischemic stroke than with right sided stroke.130–132 
A pathophysiological explanation for the general predominance of left hemispheric 
strokes is based on atherosclerotic thrombi as the main cause of cerebral ischemia. 
They are supposed to enter the cerebral blood flow more easily through the left 
inner carotid artery, a direct branch of the aortic arch. In addition, the hemodynamic 
stress is higher in the left inner carotid artery, which in itself is a risk factor for 
the formation of emboli. Another reason for the predominance of left over right 
hemispheric stroke diagnoses is that it is easier to recognize the symptoms that 
accompany it.

It is interesting to see that 12 of 18 stroke patients included in Chapter 6 had their 
left body half affected. A similar distribution was found in the complete population 
of the affiliated Explicit-stroke study.133 Based on epidemiological numbers of the 
stroke populations worldwide, this appears to be an unusual distribution. Right 
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hemispheric strokes may be over-represented in the current study because proper 
understanding of the study set-up was an inclusion criterium. Obviously, patients 
with aphasia, which is frequently related to the dominant (most frequently left) 
hemisphere, often had to be excluded. 

FURTHER INVESTIGATIONS

As announced in the introduction to this thesis and throughout the chapters, 
prediction of long-term hand function is a challenge. Clinical tests have gained 
prognostic value for a majority of the patients, but an explanation and hence 
identification of the subgroups receiving false predictions has not yet been found. 
Especially for those patients unable to communicate, it is desirable to have an 
assessment that does not depend on the ability to follow instructions. TMS has 
this advantage, but many hurdles need to be taken yet for TMS variables to add 
prognostic value in clinical practice. 

More insight needs to be sought into the processes that determine TMS variables 
in general and specifically after stroke. Ideally, fundamental studies are linked to 
those designed to prepare clinical application. There is a necessity for studies that 
explain the components of a MEP and a silent period, and offer tools to discern 
these components in patients that endured a stroke. Once these building blocks 
are provided, epidemiological studies can analyze the prevalence of components 
in subgroups of patients and relate them to recovery. Only with that information, 
prediction is substantiated and has a meaning for individual patients.

A facilitator for the expansion of knowledge would be a shift to continuous variables. 
In general, cutoff points for dichotomization need to have physiological meaning, or 
otherwise there is a risk of loss of relevant information. This appears to be a relevant 
issue for TMS variables as well and needs to be explored further.

While meaningful variables are pursued and continuous measures are collected, it 
is reasonable to further compare different muscle groups with regard to feasibility 
of specific recordings and consistency of outcomes. An interesting factor would be 
to assess the role of direction of muscle fibers and the effects of changing surface 
anatomy by altering posture and limb position (e.g., rotation of the forearm). The 
forearm muscles are located in close proximity to one another, but each has a 
specific trajectory from origin to insertion, often involving a curve or spiral shape. 
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In addition, muscle fibers are oriented either parallel, fusiform or pennate. These 
properties influence direction of the impulse between electrodes, dependent of 
posture of the limb and individual anatomic variation. 88–90,134

It is ambitious to design studies that include larger groups of patients than the 
studies already available in literature, or that include patient subgroups with less 
prevalent diagnoses, such as strokes confined to specific anatomical or functional 
areas. Nevertheless, hemispheric dominance and stroke location are without doubt 
factors that confounded results thus far. When the (functional) imaging techniques 
that are increasingly precise are added to both fundamental and applied studies, 
it is plausible that more explanations can be given for unpredicted patterns of 
recovery. This is the case for cortical imaging as much as for peripheral imaging, 
nerve or muscle measurements. In addition, genetic predisposition to both 
the consequences of stroke and to processes of recovery, is an increasing and 
presumably informative field of study.

CONCLUDING REMARKS

The introduction to this thesis commenced describing the diverse meanings of the 
word stroke. Another central concept to this work that has multiple definitions, is 
potential. This refers to the electrical potential that is induced by TMS. But potential 
does also mean ‘existing in possibility’.135 The research that was done for this thesis, 
aimed to clarify whether TMS would improve prediction of functional arm and hand 
recovery after stroke. In a sense, the purpose was to uncover hidden potential 
for improvement, according to this second meaning. This hidden potential can be 
interpreted both for individual patients that are capable of more than was previously 
predicted, and for prognostic methods that can be applied more effectively. 

Upon analysis, it became clear that despite apparently clear-cut definitions, it 
is a challenge to assess the most appropriate variable in the most appropriate 
way. Literally, crosstalk from flexor muscles in the forearm often distorts the target 
potential from the extensor muscles, the latter therefore being hidden from specific 
analysis. Likewise, during the silent period after a MEP, there is limited muscle 
electrical activity. Inhibitory impulses suppress the signal, thereby possibly hiding 
potentials from the record. Exactly how to define and compare this silent period and 
thus how to explain it in terms of processes that are responsible, remains subject 
for further study. In spite of many indications that electrical potentials measured 
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with sEMG after TMS are potentially valuable predictors for function after stroke, 
results including those described in this thesis have not yet surpassed clinical tests. 
The ultimate TMS variable that does add substantial value to prediction of functional 
outcome after stroke therefore still is, literally, a hidden potential. 


