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Abstract

Background: To explore if stimulus–response (S-R) characteristics of the silent period (SP) after transcranial
magnetic stimulation (TMS) are affected by changing the SP definition and by changing data presentation in
healthy individuals. This information would be clinically relevant to predict motor recovery in patients with stroke
using stimulus–response curves.

Methods: Different landmarks to define the SP onset and offset were used to construct S-R curves from the biceps
brachii (BB) and abductor digiti minimi (ADM) muscles in 15 healthy participants using rectified versus non-rectified
surface electromyography (EMG). A non-linear mixed model fit to a sigmoid Boltzmann function described the S-R
characteristics. Differences between S-R characteristics were compared using paired sample t-tests. The Bonferroni
correction was used to adjust for multiple testing.

Results: For the BB, no differences in S-R characteristics were observed between different SP onset and offset
markers, while there was no influence of data presentation either. For the ADM, no differences were observed
between different SP onset markers, whereas both the SP offset marker “the first return of any EMG-activity” and
presenting non-rectified data showed lower active motor thresholds and less steep slopes.

Conclusions: The use of different landmarks to define the SP offset as well as data presentation affect SP S-R
characteristics of the ADM in healthy individuals.
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Background
Transcranial magnetic stimulation (TMS) of the human
motor cortex is a noninvasive technique to assess the in-
tegrity of the corticospinal motor pathways. Transcranial
magnetic stimulation of the primary motor cortex elicits a
motor evoked potential (MEP) as an excitatory effect that
can be recorded by surface electromyography (EMG) of
the target muscles. In pre-activated muscles, TMS also
induces a transient suppression of the EMG-activity after
the short-latency MEP, i.e. the silent period (SP), as an in-
hibitory effect [1-4]. Both MEP and SP have been used to
predict post-stroke motor recovery [5,6]. Although MEPs
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are highly predictive with regard to recovery of hand
motor function after stroke, their negative predictive
value is substantially lower [7]. Both shortened and pro-
longed SP durations have been proposed as negative
prognostic factors for motor recovery after stroke [8].
As such, the SP might be used to optimize the negative
predictive value of TMS with regard to post-stroke
motor recovery. However, a review on the role of the SP
in predicting motor recovery after severe stroke showed
rather inconsistent results [9].
Comparison of the studies focusing on the role of the SP

in post-stroke motor recovery is difficult due to variability
in patients’ characteristics and the time post stroke, but
also due to differences in the applied methodology. Indeed,
the technique to elicit and assess the SP is all but standard-
ized [9]. Although the SP duration is relatively unaffected
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Figure 1 Position of the participant in a chair with the right
arm placed in a fixed frame and a circular coil placed above
the vertex. Written informed consent for publication of the image
was obtained from the patient.
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by the size of the preceding MEP [10] or the level of
muscle pre-activation [11-15], it varies with the stimulus
intensity used. As a consequence, motor threshold alter-
ations can easily influence the SP duration and may lead to
factitious SP changes. This methodological drawback may
be significant particularly in clinical practice as threshold
changes are commonly encountered in disease states such
as stroke [16].
In this perspective, Kimiskidis and associates [17]

designed a study to investigate the SP independently
from the corticomotor threshold. They constructed
stimulus–response curves and fitted the SP data into a
sigmoid Boltzmann function. The parameters derived
from the Boltzmann function were used for quantitative
analysis of the SP. In this way the SP characteristics could
be dissociated from the corticomotor threshold. Moreover,
the entire stimulus–response curve, quantified by the pa-
rameters SP threshold, SP slope, and Max value, could pro-
vide more informative and comprehensive estimates of the
brain inhibitory mechanisms compared to one single SP
duration derived from a certain stimulus intensity. The SP
threshold of the stimulus–response curve reflects the
stimulus intensity required to activate the most excitable el-
ements of the inhibitory neuronal circuits. The SP slope,
provides a general estimate of the increase in SP duration
for a given increase in stimulus intensity, indicating the ex-
citability of the pathway. The Max value of the SP curve is
an indicator of the peak of the stimulus–response relation-
ship. It reflects threshold for activating all inhibitory inter-
neurons involved in a particular network.
Yet, even if the SP is studied independently of the

corticomotor threshold, lack of uniformity regarding
the landmarks to define the SP onset and offset may
influence its duration [18]. In addition, when the SP is
manually (visually guided) assessed, limited inter-rater
reliability has been reported [19,20], which is influ-
enced by the way in which the EMG data are pre-
sented (e.g. non-rectified versus rectified) [20]. To
accurately and reliably determine the SP duration in
EMG tracings, we should know what influence the use
of different landmarks has on the (variability of the)
SP duration. Hence, the primary aim of this study was
to study if the use of different landmarks to define
the SP onset and offset affects its stimulus (TMS) - re-
sponse (EMG) characteristics. The ultimate goal was
to provide a basis for standardizing the procedure for
visually guided manual assessment of SP data in clinical
(stroke) practice. Because this study was conducted in the
context of assessing patients with upper-extremity paraly-
sis due to stroke, a circular coil was used [21]. Yet, to
avoid disease related changes in corticomotor threshold,
we conducted this TMS study in healthy subjects. Because
proximal and distal upper-extremity muscles may differ
in their stimulus–response characteristics [22], stimulus–
response curves were constructed for both proximal arm
and distal hand muscles.

Materials and methods
Subjects
Eighteen healthy individuals participated in this study.
Because it has been reported that the threshold for
eliciting a SP in upper-extremity muscles on the domin-
ant side is lower than on the non-dominant side [23],
only right-handed subjects were included. Handedness
was tested with the Edinburgh Handedness Inven-
tory [24]. Subjects with a history of epilepsy, cardiac
disorders, pacemaker implantation, craniotomy, psychi-
atric or neurological diseases were excluded. Pregnant
women or individuals using medication with possible
effects on the nervous system were excluded as well.
Approval of the local Ethics Committee (CMO region
Arnhem-Nijmegen reference number 2006/007) was
obtained and all participants gave written informed
consent.

EMG-recordings
Participants were comfortably seated in a chair with
their right forearm and hand supinated and supported
by a custom built device (Figure 1). The elbow was posi-
tioned in 90 degrees flexion. The device restricted any
movement of the upper arm, forearm, wrist, and fingers.
Bipolar EMG-recordings were obtained using 2 pairs
of self-adhesive surface electrodes (Ag-AgCl, solid gel,
foam electrodes (35 × 22 millimeters)) placed in a stand-
ard tendon belly montage. EMG-signals were recorded
using a CED (Cambridge Electronic Design Ltd) data
acquisition and amplifier system with a bandpass filter
of 20 to 3000 Hz at a display sensitivity of 0.5 microvolt/
division (amplifier range 100 millivolt), using a recording
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time from 150 milliseconds before until 850 milliseconds
after each stimulus. The sampling rate was 20.000 sam-
ples/second. The EMG data were collected using Spike2
laboratory software (Cambridge Electronic Design Ltd).
First, EMG-activity was recorded from the biceps brachii

muscle (BB). The forearm and hand were supinated and
EMG-activity of the BB was recorded while participants
performed elbow flexion against a fixed frame. Secondly, to
obtain isometric abductor digiti minimi (ADM) muscle
contractions, right digit V abduction was performed against
a fixed frame, while digits II-IV were immobilized by Velcro
straps. For measurements of both proximal and distal mus-
cles, participants were instructed to exert maximum force
for 3 seconds during 3 trials. The maximal voluntary EMG-
activity was defined as the mean EMG-amplitude achieved
during these 3 trials.

Transcranial magnetic stimulation
Transcranial magnetic stimulation of the motor cortex was
performed through a 90 millimeter circular coil powered
by a Magstim 200 magnetic stimulator (Magstim Company
Limited). The vertex was located and marked directly on
the scalp. The coil was positioned in a tangential plane
near the vertex at approximately 45 degrees to the sagittal
line (Mid-central - Cz according to the international 10–20
system of electrode placement) and fixed in this position
through a mechanical arm. A counterclockwise inducing
current flow was used to activate the left hemisphere.
During the TMS sessions, the participants performed

constant isometric muscle contractions at 50% of their
maximal voluntary EMG-activity to ensure optimal facilita-
tion of motoneurons [15,25]. Visual feedback of rectified
EMG-activity was provided through a 17 inch computer
screen placed 1 meter in front of the participants. The
EMG target level was presented as a vertical line. The par-
ticipants were instructed to build up and maintain their
muscle activity as close as possible to this level, until they
were allowed to relax for 2 seconds after each stimulus.
Transcranial magnetic stimulation was delivered 2 seconds
after the target activation level was reached. Stimuli were
applied with increasing intensities ranging from 20% to
100% (in steps of 5% increments) of the maximum stimula-
tor output. The different stimulus intensities were applied
in random order. At each stimulus intensity, 5 consecutive
trials were performed with an inter-stimulus interval of
approximately 5 seconds. To prevent the occurrence of fa-
tigue the consecutive sessions of different stimulus inten-
sities were separated by at least 30 seconds rest.

Data analysis
The EMG was recorded in two files. In one file the data
were stored after rectification, whereas the raw (non-
rectified) data were stored in a different file. At each
stimulus intensity, the SP duration was determined from
the average of 5 trials. The active motor threshold was
defined as the minimum stimulus intensity needed to
elicit a recordable SP from the target muscle in at least
3 out of 5 trials. The SP duration was defined as the
latency between SP onset and SP offset in the EMG
recordings. If no SP could be detected in the averaged
data, a duration of 0 milliseconds was assigned.
In both the non-rectified and rectified EMG data, the

landmarks to define the SP onset can potentially be defined
as stimulus onset, MEP onset, or MEP offset. However, in
many healthy individuals, and even more pronounced in
patients with stroke, the MEP does not show a clear-cut
ending. As a result, the MEP offset is difficult to visually as-
sess. Because the stimulus and MEP onsets appear much
more distinctly in the EMG tracings, they were both used
to mark the SP onset in this study.
As for the SP offset, the landmarks were defined as (1)

the earliest reoccurrence of any EMG-activity, including
burst activity (i.e. short peaks of reappearing EMG-activity
followed by EMG silence) (SP1), (2) the return of continu-
ous EMG-activity (SP2), and (3) the return of continuous
EMG-activity to pre-stimulus levels (SP3). In the non-
rectified data the pre-stimulus level was determined as the
root mean square (RMS) amplitude of the EMG activity
during the time period from 150 to 25 milliseconds before
stimulus delivery. In the rectified data the pre-stimulus
level was determined as the mean amplitude during the
same time segment (Figure 2).

Statistical Methods
The mean SP duration was plotted against stimulation
intensity for each participant. Visual inspection of the
stimulus–response curves revealed that the relation be-
tween these variables had a sigmoid shape. Hence, the
data were fitted into a three-parameter sigmoid statistical
model (Boltzmann equation):

yij ¼
ai

1þ e b1i−Sjð Þ =b2i
þ εij

where the three parameters of the function are:

1) ai reflecting the plateau value of participant i
2) b1i reflecting the active motor threshold of

participant i, and
3) b2i reflecting the slope parameter (steepness)

of participant i,

and where
yij is the SP duration of participant i at stimulus inten-

sity j,
Sj is the stimulus intensity j, and εij is the normally

distributed residual with mean zero and variance σ2 of
participant i at stimulation intensity j.
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Figure 2 Landmarks to define the silent period (SP) offset. SP1: the earliest reoccurrence of any EMG-activity, including burst activity; SP2: the
return of continuous EMG-activity, and SP3 the return of continuous EMG-activity to pre-stimulus levels.
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A non-linear mixed regression model was used to fit
the individual data to the sigmoid Boltzmann function.
The dependent variables were the SP durations of the
ADM and BB muscles (y) and the independent variable
was the stimulus intensity (S). The plateau value (a) was
treated as random effect to allow subject-specific regres-
sion coefficients. The slope parameter (b2) and the active
motor threshold (b1) were treated as fixed (subject inde-
pendent) regression coefficients. Differences between the
models with random effects and models with fixed effects
were tested for statistical significance, using the likelihood
ratio test. Note that this test is based on the full likelihood
function of the hierarchical models [26]. All parameters
were estimated simultaneously together with their standard
errors (SEs) as measures of variability, using maximum
likelihood methods of the model. Paired-sample t-tests
were used to test differences in stimulus–response charac-
teristics between the pair wise comparisons of the selected
landmarks to define SP onset and offset, as well as between
rectified and non-rectified data. The Bonferroni correction
was used to adjust for multiple testing. The required 2-
tailed significance level was set at 0.05. All statistical ana-
lyses were performed with the statistical software package
SAS version 8.2 (SAS Institute Inc., North Carolina).
Table 1 Characteristics of the 15 healthy volunteers

Number

Gender Female 9

Male 6

Handedness Right handed 15

(Edinburgh Handedness Inventory) Left handed 0

Mean age, years (range; SD) 32 (23–49; 9)
Results
Seven men and eleven women between 23 and 49 years
of age were initially included, however, 3 subjects failed
to complete the experiment due to discomfort during
the stimulation. Hence, the data of the remaining 15
right-handed participants (6 men, 9 women, mean 32
years, standard deviation 9 years) were used to construct
the stimulus–response curves (Table 1).
BB muscle
Figure 3A shows the group averaged stimulus–response
curves for the 3 different SP offsets in both rectified and
non-rectified EMG of the BB muscle. Table 2 shows the
estimated parameters with their SEs for the BB muscle.
With regard to SP onset, using either the MEP onset

or the stimulus onset did not show any significant effect
on the Boltzmann parameters (Table 2). With regard
to SP offset, no significant differences were observed
either. Although lower active motor thresholds, less
steep slopes, and lower plateau values were observed
using both SP1 and SP2 compared to SP3, these differ-
ences did not reach statistical significance. Moreover,
when SP1 was used to delineate the SP offset, both the
active motor threshold and the slope showed relatively
large SEs compared to both SP2 and SP3. Again, these
differences did not reach statistical significance. In the
EMG-tracings of the BB, the landmark to define SP1
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Figure 3 Average stimulus–response curves (Boltzmann function) of the silent period (SP) obtained from rectified (straight line) and
non-rectified (dashed line) EMG of the Biceps Brachii (BB) muscles (A, top) and the Abductor Digiti Minimi (ADM) muscles (B, bottom)
in 15 healthy participants. SP1: the earliest reoccurrence of any EMG-activity, including burst activity; SP2: the return of continuous EMG-activity,
and SP3 the return of continuous EMG-activity to pre-stimulus levels.
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was often absent, because a complete EMG-silence
could not be seen in many participants.
No significant differences in the estimated stimulus–

response parameters were found between the rectified
and the non-rectified EMG data.

ADM muscle
Figure 3B shows the group averaged stimulus–response
curves for the 3 different SP offsets in both rectified and
non-rectified EMG of the ADM muscle. Table 3 shows
the estimated parameters with their SEs for the ADM
muscle.
Using either the MEP onset or the stimulus onset as
the SP onset marker did not show any effect on the
Boltzmann parameters (Table 3). As for the SP offset, no
significant differences in the plateau values were ob-
served between the selected definitions. However, signifi-
cant differences were observed in active motor threshold
and slope between SP1 on the one hand and both SP2
(active motor threshold, paired-sample t-test: p < 0.001;
slope, paired-sample t-test: p < 0.001) and SP3 (active
motor threshold, paired-sample t-test: p < 0.001; slope,
paired-sample t-test: p = 0.002) on the other hand, in the
rectified EMG. Similar results were found when the



Table 2 The estimated parameters of the Boltzmann function for the stimulus–response curves of the silent periods in
the Biceps Brachii (BB) muscle, using a nonlinear mixed model

Rectified EMG Non-rectified EMG

MEP onset SP1 mean (SE) SP2 mean (SE) SP3 mean (SE) SP1 mean (SE) SP2 mean (SE) SP3 mean (SE)

Plateau value (a) (milliseconds) 0.19 (0.06) 0.20 (0.05) 0.26 (0.06) 0.17 (0.05) 0.20 (0.05) 0.25 (0.05)

Active motor threshold (b1)

(% stimulator output) 62.90 (2.28) 64.56 (1.41) 65.24 (1.19) 59.46 (1.73) 62.49 (1.03) 65.24 (1.60)

Slope parameter (b2) (%) 12.20 (1.38) 12.23 (0.85) 12.38 (0.70) 10.92 (1.15) 11.27 (0.66) 12.91 (0.92)

SDres 0.02 0.02 0.03 0.01 0.02 0.02

Stimulus onset

Plateau value (a) (milliseconds) 0.20 (0.06) 0.20 (0.05) 0.27 (0.06) 0.19 (0.05) 0.21 (0.05) 0.25 (0.05)

Active motor threshold (b1)

(% stimulator output) 60.69 (2.11) 62.34 (1.35) 63.54 (1.17) 58.06 (1.54) 60.60 (0.95) 63.09 (1.33)

Slope parameter (b2) (%) 11.73 (1.33) 11.80 (0.85) 12.10 (0.72) 10.42 (1.05) 10.61 (0.65) 12.13 (0.82)

SDres 0.02 0.02 0.03 0.01 0.02 0.03

SE: standard error, SDres: within subject (residual) standard deviation, SP: silent period; SP1: the earliest reoccurrence of any EMG-activity, including burst activity;
SP2: the return of continuous EMG-activity, and SP3 the return of continuous EMG-activity to pre-stimulus levels.
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non-rectified EMG data were used. Lower active motor
thresholds and less steep slopes could be observed in
SP1 compared to SP2 and SP3. No differences in these
Boltzmann parameters were observed between SP2 and
SP3.
In addition, the non-rectified data showed lower active

motor thresholds and less steep slopes compared to the
rectified data when either SP2 (active motor threshold,
paired-sample t-test: p = 0.002; slope, paired-sample t-test:
p = 0.022) or SP3 (active motor threshold, paired-sample
t-test: p = 0.015; slope, paired-sample t-test: p = 0.143)
were used to define the SP offset.
Table 3 The estimated parameters of the Boltzmann function
the Abductor Digiti Minimi (ADM) muscle, using a nonlinear m

Rectified EMG

MEP onset SP1 mean (SE) SP2 mean (SE) SP3

Plateau value (a) (msec) 0.20 (0.04) 0.30 (0.08) 0.35

Active motor threshold (b1)

(% stimulator output) 49.43 (0.85) 59.27 (1.17) 59.6

Slope parameter (b2) (%) 9.92 (0.68) 13.62 (0.74) 13.9

SDres 0.04 0.04 0.05

Stimulus onset

Plateau value (a) (msec) 0.22 (0.04) 0.32 (0.07) 0.36

Active motor threshold (b1)

(% stimulator output) 47.33 (0.83) 56.72 (1.14) 57.3

Slope parameter (b2) (%) 9.55 (0.68) 13.45 (0.76) 13.8

SDres 0.05 0.04 0.05

SE: standard error, SDres: within subject (residual) standard deviation, SP: silent perio
SP2: the return of continuous EMG-activity, and SP3 the return of continuous EMG-a
Discussion
This study demonstrates that the use of different land-
marks to define the SP offset as well as the way of data
presentation (rectified versus non-rectified EMG) affect
the SP stimulus (TMS) - response (EMG) characteristics.
In healthy individuals, these effects differ between prox-
imal arm and distal hand muscles. Given the importance
of using stimulus–response curves to measure parameters
of corticomotor excitability for both prognostication and
treatment evaluation after stroke, the ultimate goal of this
study was to provide a feasible basis for standardizing the
procedure for visually guided manual assessment of SP
for the stimulus–response curves of the silent periods in
ixed model

Non-rectified EMG

mean (SE) SP1 mean (SE) SP2 mean (SE) SP3 mean (SE)

(0.08) 0.20 (0.04) 0.26 (0.07) 0.29 (0.08)

5 (1.17) 49.48 (0.71) 53.93 (0.94) 54.90 (1.07)

7 (0.74) 8.81 (0.58) 11.40 (0.68) 11.99 (0.75)

0.04 0.03 0.03

(0.08) 0.21 (0.04) 0.28 (0.06) 0.32 (0.07)

5 (1.17) 47.69 (0.70) 51.78 (0.91) 52.78 (1.03)

5 (0.77) 8.46 (0.57) 10.95 (0.69) 11.56 (0.75)

0.04 0.03 0.04

d; SP1: the earliest reoccurrence of any EMG-activity, including burst activity;
ctivity to pre-stimulus levels.



van Kuijk et al. Journal of NeuroEngineering and Rehabilitation 2014, 11:1 Page 7 of 9
http://www.jneuroengrehab.com/content/11/1/1
data in a clinical setting. Among other difficulties affecting
the reproducibility of TMS studies [3], variability due to
different definitions of SP onset and offset and different
data presentation can be overcome by establishing a
standard among researches.
SP onset
In healthy subjects, no differences were found in the stimu-
lus–response characteristics using either the stimulus onset
or the MEP onset to mark the SP onset. So both the stimu-
lus onset and MEP onset can be used as a clear-cut SP
onset marker in healthy individuals. If either the stimulus
onset or the MEP onset is used to mark the SP onset, the
duration of the MEP is included in the SP duration. In
conditions that lead to a prolonged MEP, this could mask
concurrent shortening of the SP duration. In patients with
stroke, increased MEP latencies have been found in the
sub-acute phase post stroke, shifting towards more normal
values with progressive stages of recovery [27,28]. If the
stimulus onset is used to define the SP onset, changes in
MEP latency might affect the SP duration in stroke pa-
tients. To avoid this problem, we propose to use the MEP
onset as the best landmark to define the SP onset.
SP offset
In the BB, it was difficult to accurately define the SP1 offset
especially at the lower stimulus intensities. Because a
complete EMG-silence was not observed in many partici-
pants, the landmark to define SP1 was often absent or at
least difficult to define at low stimulus intensities. As a re-
sult, the active motor thresholds varied substantially, as can
be observed in Table 2. In both the BB and ADM muscles,
independent of SP2 or SP3 being used as the offset marker,
the active motor threshold increased compared to the
method using SP1 to define the offset, whereas the plateau
level of the function did not differ between these methods.
As a result, the slope parameter of the function increased if
the SP duration was measured using SP2 or SP3.
Particularly in the BB, re-occurrence of EMG-activity

below pre-stimulus levels was seen before the EMG-activity
returned to the pre-stimulus levels, specifically at higher
stimulus intensities (80-100%). As a result, if SP2 is used to
define the SP offset, lower active motor thresholds and less
steep slopes were seen compared to SP3. These differences,
however, did not reach statistical significance. This early
EMG activity observed in the BB at higher stimulus inten-
sities might be due to fluctuations in contraction force
in the period immediately after TMS, such that some
responses might have been evoked when the active contrac-
tion force was more than the targeted pre-activation level
[29]. Because inhibitory inputs to corticofugal neurons are
weaker in the proximal muscles compared to the distal
hand muscles [15], these EMG bursts may also be due to
non-primary motor cortex sources of motoneuron excita-
tion, interrupting the SP in proximal arm muscles.
The SP evoked in the muscles of the upper limb

originates largely from activation of cortical inhibitory
interneurons, although also spinal mechanisms are in-
volved in the early part [1,12]. While the SP originates
primarily in the motor cortex, non-primary motor
areas projecting to the motor cortex can influence its
duration as well [30]. These cortical and subcortical
projections can modulate both the inhibitory and the
excitatory interneurons within the primary motor cor-
tex and subsequently change in the balance between
excitatory and inhibitory inputs to the intracortical
motoneurons of the primary motor cortex. Moreover,
next to the non-primary motor areas, the low-level
EMG present during the SP might be due to spinal
factors including reflex activity evoked by muscle
spindle facilitation of elbow flexor motoneurons [31].
As such, these bursts should not be regarded as part
of the cortical mechanisms eliciting the SP.
For SP3 the EMG data were analyzed relating the re-

sumption of EMG-activity to the level of pre-stimulus
EMG-activity [29]. There are a number of reasons why
this might be more informative. First, there is likely to
be a considerable degree of variation in single actual
force level that is produced by a muscle when individ-
uals attempt to maintain voluntary contraction at a
particular magnitude [32]. Second, this method can be
easily automated in a computerized algorithm to pro-
vide a clear reference of baseline EMG-levels during
the assessment of TMS data. From the raters‘ perspective,
this simplifies the measurement of the SP duration. We,
therefore, consider the resumption of continuous EMG-
activity to pre-stimulus levels as the best landmark to
define the SP offset for both the BB and ADM in healthy
subjects.
Rectified versus non-rectified EMG
In the ADM, the non-rectified data showed lower
active motor thresholds as compared to the rectified
data for both SP2 and SP3. Rectifying the data alters
the appearance of the data and might reduce the
differences between successive data points. As a result,
the first resumption of EMG activity below pre-stimulus
levels might be more difficult to identify in the rectified
data, especially in low-voltage ADM muscle activity. In
the BB the pre-stimulus levels of EMG activity are more
pronounced compared to the ADM and, therefore, less
difficult to identify. However, the raters reported that
marker placement was easier to perform in rectified data
compared to non-rectified data, especially when using any
resumption of continuous EMG activity as the SP offset
marker.
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Feasibility from patients’ perspective
Three subjects failed to complete the experiment due to
discomfort and pain. In these subjects only the assess-
ment of the ADM muscle was performed. The stimu-
lus–response characteristics obtained from the ADM
muscle in these 3 participants did not differ from the
results of the other participants. In our study isometric
contraction levels of 50% of maximal voluntary EMG-
activity have been used to ensure maximal facilitation of
the MEP [15,25]. Especially in the BB muscle, the strong
muscle twitches associated with high stimulus intensities
occasionally interfered with the subjects’ effort to keep
the force constant. This has been reported in previous
TMS studies as well [17]. These high levels of muscle
pre-activation might also be responsible for the discom-
fort and pain some participants experienced at the
higher levels of stimulation intensity. Moreover, several
participants experienced fatigue during the TMS assess-
ment and had difficulty maintaining the target EMG-
level. In patients with stroke it will be even more diffi-
cult to maintain this high level of muscle contraction
due to paresis. Although it is well known that voluntary
pre-activation of the target muscles is necessary to elicit
a SP, there is still controversy on the most effective
level of pre-activation [33-36]. Hence, more research
is needed to define this optimal pre-activation level in
patients with stroke.

Conclusion
This study indicates that the most feasible method to
manually assess the SP duration in healthy individuals is
the time interval from either stimulus onset or MEP onset
to the return to the level of continuous pre-stimulus EMG-
activity in rectified data. Among other difficulties affecting
the reproducibility of TMS studies, variability due to differ-
ent definitions of SP onset and offset can be overcome by
establishing a standard among researches. Because the total
amount of investigated subjects was limited, and because
the method of measuring SP was based on ease of practice
rather than on reliability data, there is still not enough evi-
dence to make definitive statements about standardization.
Moreover, manually assessing TMS data remains subject to
inter-rater variability [20,37]. Measuring MEP and SP char-
acteristics is even more complex in stroke patients and,
thus, inter-rater reliability may be of greater concern in this
population. This notion implies a critical need for methods
that add precision to cortico-spinal tract measurements.
Hence, more research is needed to define applicability and
reliability in larger populations before this method can be
used as the standard in the clinical settings.

Abbreviations
ADM: Abductor digiti minimi muscle; BB: Biceps brachii muscle;
EMG: Electromyography; MEP: Motor evoked potential; RMS: Root mean
square; SD: Standard deviation; SDres: Within subject (residual) standard
deviation; SE: Standard error; SP: Silent period; SP1: The earliest reoccurrence
of any EMG-activity, including burst activity; SP2: The return of continuous
EMG-activity; SP3: The return of continuous EMG-activity to pre-stimulus
levels; S-R: Stimulus–response; TMS: Transcranial magnetic stimulation.

Competing interests
The authors declare that they have no competing interests. There is no
conflict of interests between the authors and others, and there were no
sources of support or funding involved in this study.

Authors’ contributions
AK participated in the design of the study, carried out the study, and drafted
the manuscript, CB participated in the draft of the manuscript, JH
participated in the design of the study, performed the statistical analysis, and
participated to draft the manuscript. AG and DS both participated in the
design of the study as well as in the draft of the manuscript; JP participated
in the design and coordination of the study, and drafted the manuscript. All
authors read and approved the final manuscript.

Acknowledgements
The authors wish to acknowledge the help of Linda Anker and Linda van
Ooyen in the data collection.

Author details
1Department of Rehabilitation, Radboud University Medical Centre, PO Box
9101, NL-6500 HB Nijmegen, The Netherlands. 2Health Evidence, Radboud
University Medical Centre, Nijmegen, The Netherlands. 3Neurology, Donders
Institute for Brain, Cognition, & Behaviour, Radboud University Medical
Centre, Nijmegen, The Netherlands. 4Faculty of Human Movement Sciences,
Research Institute MOVE VU University, Amsterdam, The Netherlands. 5Libra
Rehabilitation & Audiology, Blixembosch, Eindhoven, The Netherlands.

Received: 17 October 2012 Accepted: 3 January 2014
Published: 7 January 2014

References
1. Chen R, Lozano AM, Ashby P: Mechanism of the silent period following

transcranial magnetic stimulation. Evidence from epidural recordings.
Exp Brain Res 1999, 128:539–542.

2. Wu L, Goto Y, Taniwaki T, Kinukawa N, Tobimatsu S: Different patterns of
excitation and inhibition of the small hand and forearm muscles from
magnetic brain stimulation in humans. Clin Neurophysiol 2002,
113:1286–1294.

3. Orth M, Rothwell JC: The cortical silent period: intrinsic variability and
relation to the waveform of the transcranial magnetic stimulation pulse.
Clin Neurophysiol 2004, 115:1076–1082.

4. Lo YL, Fook-Chong S: The silent period threshold as a measure of
corticospinal inhibition. J Clin Neurophysiol 2005, 22:176–179.

5. Hendricks HT, Zwarts MJ, Plat EF, Van Limbeek J: Systematic review for the
early prediction of motor and functional outcome after stroke by using
motor evoked potentials. Arch Phys Med Rehabil 2002, 83:1303–1308.

6. Hendricks HT, Pasman JW, van Limbeek J, Zwarts MJ: Motor evoked
potentials in predicting recovery from upper extremity paralysis after
acute stroke. Cerebrovasc Dis 2003, 16:265–271.

7. van Kuijk AA, Pasman JW, Hendricks HT, Zwarts MJ, Geurts AC: Predicting
hand motor recovery in severe stroke: the role of motor evoked
potentials in relation to early clinical assessment. Neurorehabil Neural
Repair 2009, 23:45–51.

8. Uozumi T, Ito Y, Tsuji S, Murai Y: Inhibitory period following motor
potentials evoked by magnetic cortical stimulation. Electroencephalogr
Clin Neurophysiol 1992, 85:273–279.

9. van Kuijk AA, Pasman JW, Geurts AC, Hendricks HT: How salient is the
silent period? The role of the silent period in the prognosis of upper
extremity motor recovery after severe stroke. J Clin Neurophysiol 2005,
22:10–24.

10. Cantello R, Gianelli M, Civardi C, Mutani R: Magnetic brain stimulation: the
silent period after the motor evoked potential. Neurology 1992,
42:1951–1959.

11. Haug BA, Schönle PW, Knobloch C, Köhne M: Silent period measurement
revives as a valuable diagnostic tool with transcranial magnetic
stimulation. Electroencephalogr Clin Neurophysiol 1992, 85:158–160.



van Kuijk et al. Journal of NeuroEngineering and Rehabilitation 2014, 11:1 Page 9 of 9
http://www.jneuroengrehab.com/content/11/1/1
12. Inghilleri M, Berardelli A, Cruccu G, Manfredi M: Silent period evoked by
transcranial stimulation of the human cortex and cervicomedullary
junction. J Physiol 1993, 466:521–534.

13. Catano A, Houa M, Noel P: Magnetic transcranial stimulation. Dissociation
of excitatory and inhibitory mechanisms in acute strokes.
Electroencephalogr Clin Neurophysiol 1997, 105:29–36.

14. Catano A, Houa M, Noel P: Magnetic transcranial stimulation. Clinical
interest of the silent period in acute and chronic stages of stroke.
Electroencephalogr Clin Neurophysiol 1997, 105:290–296.

15. Taylor JL, Allen GM, Butler JE, Gandevia SC: Effect of contraction strength
on responses in biceps brachii and adductor pollicis to transcranial
magnetic stimulation. Exp Brain Res 1997, 117:472–478.

16. Pennisi G, Alagona G, Rapisarda G, Nicoletti F, Costanzo E, Ferri R,
Malaquarnera M, Bella R: Transcranial magnetic stimulation after pure
motor stroke. Clin Neurophysiol 2002, 13:1536–1543.

17. Kimiskidis VK, Papagiannopoulos S, Sotirakoglou K, Kazis DA, Kazis A, Mills
KR: Silent period to transcranial magnetic stimulation. Construction and
properties of stimulus–response curves in healthy volunteers. Exp Brain
Res 2005, 163:21–31.

18. Stĕtkárová I, Leis AA, Stokić DS, Delapasse JS, Tarkka IM: Characteristics of
the silent period after transcranial magnetic stimulation. Am J Phys Med
Rehabil 1994, 73:98–102.

19. Nilsson J, Panizza M, Arieti P: Computer-aided determination of the silent
period. J Clin Neurophysiol 1997, 14:136–143.

20. Garvey MA, Ziemann U, Becker DA, Barker CA, Bartko JJ: New graphical
method to measure silent periods evoked by transcranial magnetic
stimulation. Clin Neurophysiol 2001, 112:1451–1460.

21. Groppa S, Oliviero A, Eisen A, Quartarone A, Cohen LG, Mall V, Kaelin-Lang
A, Mima T, Rossi S, Thickbroom GW, Rossini PM, Ziemann U, Valls-Solé J,
Siebner HR: A practical guide to diagnostic transcranial magnetic
stimulation: report of an IFCN committee. Clin Neurophysiol 2012,
123:858–882.

22. van Kuijk AA, Anker LC, Pasman JW, Hendriks JCM, Van Elswijk G, Geurts
ACH: Stimulus–response characteristics of motor evoked potentials and
silent periods in proximal and distal upper-extremity muscles.
J Electromyogr Kinesiol 2009, 19:574–583.

23. Matsunaga K, Uozumi T, Tsuji S, Murai Y: Age-dependent changes in
physiological threshold asymmetries for the motor evoked potential and
silent period following transcranial magnetic stimulation.
Electroencephalogr Clin Neurophysiol 1998, 109:502–507.

24. Oldfield RC: The assessment and analysis of handedness. The Edinburgh
inventory. Neuropsychologia 1971, 9:97–113.

25. Renner CI, Woldag H, Atanasova R, Hummelsheim H: Change of facilitation
during voluntary ipsilateral hand activation after stroke. J Neurol Sci 2005,
239:25–30.

26. Diggle PJ, Haegerty P, Lian K-Y, Zegers SL: Analysis of longitudinal data. 2nd
edition. USA: Oxford University Press; 2002.

27. Brouwer BJ, Schryburt-Brown K: Hand function and motor cortical output
poststroke: are they related? Arch Phys Med Rehabil 2006, 87:627–634.

28. Koski L, Chien-Ho Lin J, Wu AD, Winstein CJ: Reliability of intracortical and
corticomotor excitability estimates obtained from the upper extremities
in chronic stroke. Neurosci Res 2007, 58:19–31.

29. Carroll TJ, Riek S, Carson RG: Reliability of the input–output properties of
the cortico-spinal pathway obtained from transcranial magnetic and
electrical stimulation. J Neurosci Methods 2001, 112:193–202.

30. Classen J, Schnitzler A, Binkofski F, Werhahn KJ, Kim YS, Kessler KR, Benecke
R: The motor syndrome associated with exaggerated inhibition within
the primary motor cortex of patients with hemiparetic stroke. Brain 1997,
120:605–619.

31. Butler JE, Petersen NC, Herbert RD, Gandevia SC, Taylor JL: Origin of the
low-level EMG during the silent period following transcranial magnetic
stimulation. Clin Neurophysiol 2012, 123:1409–1414.

32. Semmler JG, Steege JW, Kornatz KW, Enoka RM: Motor unit
synchronization is not responsible for larger motor-unit forces in old
adults. J Neurophysiol 2000, 84:3358–3366.

33. Hess CW, Mills KR, Murray NM: Responses in small hand muscles from
magnetic stimulation of the brain. J Physiol 1987, 388:397–419.

34. Ravnborg M, Blinkenberg M, Dahl K: Standardization of facilitation of
compound muscle action potentials evoked by magnetic stimulation of
the cortex. Results in healthy volunteers and in patients with multiple
sclerosis. Electroencephalogr Clin Neurophysiol 1991, 81:195–201.
35. Hauptmann B, Skrotzki A, Hummelsheim H: Facilitation of motor evoked
potentials after repetitive voluntary hand movements depends on the
type of motor activity. Electroencephalogr Clin Neurophysiol 1997,
105:357–364.

36. Han TR, Kim JH, Lim JY: Optimization of facilitation related to threshold in
transcranial magnetic stimulation. Clin Neurophysiol 2001, 112:593–599.

37. King NK, Kuppuswamy A, Strutton PH, Davey NJ: Estimation of cortical
silent period following transcranial magnetic stimulation using a
computerized cumulative sum method. J Neurosci Methods 2006,
150:96–104.

doi:10.1186/1743-0003-11-1
Cite this article as: van Kuijk et al.: Definition dependent properties of
the cortical silent period in upper-extremity muscles, a methodological
study. Journal of NeuroEngineering and Rehabilitation 2014 11:1.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Subjects
	EMG-recordings
	Transcranial magnetic stimulation
	Data analysis
	Statistical Methods

	Results
	BB muscle
	ADM muscle

	Discussion
	SP onset
	SP offset
	Rectified versus non-rectified EMG
	Feasibility from patients’ perspective

	Conclusion
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


