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A B S T R A C T

Objective: To determine a minimum number of trials that preserve input-output (I–O) properties of duration and
magnitude of exteroceptive EMG suppression (eEMGs).
Patients and methods: eEMGs was recorded in 16 healthy subjects from thenar muscles following index finger
stimulation at 2.5, 5, 10, and 20 times sensory threshold (xST). Individual trials were rectified and incrementally
averaged in blocks of 5, 10, 20, 30, 40, 50, and 60. To determine if the block size affects I–O properties, the
goodness of curve fit parameter R2 for each block was compared to R2 of the global function across all blocks
combined.
Results: eEMGs was found in all subjects at 10xST and 20xST (100%, respectively) but less often at 5xST
(63–75%) and 2.5xST (25–56%). A quadratic function best described both duration and magnitude of eEMGs.
The quadratic R2 did not significantly differ between any individual block function (5–60) and the global
function (eEMGs duration 0.647-0.704 vs 0.679; magnitude 0.525–0.602 vs 0.560, respectively).
Conclusions: Averaging 5 trials consistently shows eEMGs at and above 10xST. I–O properties of eEMGs do not
differ whether 5 or up to 60 trials are averaged. Clinical studies of eEMGs in thenar muscles are possible with as
few as 5 trials averaged.

1. Introduction

Electrical stimulation of a mixed or cutaneous nerve during sus-
tained muscle contraction results in transient suppression of voluntary
activity. This is visible as a reduction or disappearance of voluntary
EMG recorded from the active muscle (exteroceptive EMG suppression).
Cutaneous nerve stimulation at low intensities elicits a cutaneomus-
cular reflex [1,2], which consists of a series of partially overlapping
excitatory and inhibitory responses of spinal and supraspinal origin. An
increase in cutaneous stimulation intensity from perception to pain
threshold results in a progressively longer and more pronounced in-
hibition. Inhibition at or above the pain threshold is known as a cuta-
neous silent period (CSP), which is ascribed to a spinal inhibitory reflex
[3]. High threshold (small fiber) afferents are primarily responsible for
the electrically-induced CSP, with some contribution of low-threshold
(large fiber) afferents (see review [4]). Lower threshold afferents pre-
sumably keep spinal inhibitory interneurons in the state of readiness to
respond to additional input from higher threshold afferents, which ul-
timately inhibits spinal motor neurons.

The CSP has been widely studied in healthy subjects and more re-
cently in pathologic conditions affecting various types of afferent fibers
or the presumed spinal cord network (see review [5]). To distinguish
between the involvement of low vs. high threshold afferents, it is cus-
tomary to record a sensory nerve action potential (SNAP) to assess the
status of low threshold skin afferents [3,6]. After obtaining the CSP by
stimulation above the pain threshold, the SNAP and CSP results are
interpreted together to infer the types of afferents affected. Since the
recruitment of low vs. high threshold afferents depends on current in-
tensity, another possibility is to examine their combined contribution to
the exteroceptive EMG suppression by plotting an input-output (I–O)
curve across the range of stimulation intensities, as customary in studies
of cortical [7–9] and spinal [10] excitability. Besides initial demon-
stration that the magnitude of EMG suppression depends on the in-
tensity of stimulation [11], only two previous studies examined the I–O
curve in more detail; the first one to determine minimal stimulation
intensity and duration required for eliciting CSP of maximal duration
[12], and the second one to infer the contribution of low threshold
afferents to the CSP duration [13]. To expand upon these observations,

https://doi.org/10.1016/j.clineuro.2019.105452
Received 3 May 2019; Received in revised form 19 July 2019; Accepted 21 July 2019

⁎ Corresponding author at: Methodist Rehabilitation Center, 1350 E. Woodrow Wilson Dr, Jackson, MS, 39216, USA.
E-mail address: dstokic@mmrcrehab.org (D.S. Stokic).

Clinical Neurology and Neurosurgery 184 (2019) 105452

Available online 23 July 2019
0303-8467/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03038467
https://www.elsevier.com/locate/clineuro
https://doi.org/10.1016/j.clineuro.2019.105452
https://doi.org/10.1016/j.clineuro.2019.105452
mailto:dstokic@mmrcrehab.org
https://doi.org/10.1016/j.clineuro.2019.105452
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clineuro.2019.105452&domain=pdf


the first aim of this study was to examine and model the I–O properties
of the exteroceptive EMG suppression, including the CSP, in a sample of
healthy subjects.

One of the limitations for broader clinical use of the CSP is the
practice of recording multiple trials at intensities above the pain
threshold, which may cause significant discomfort. The number of trials
recorded ranges from as few as 1 [13,14], 3 [15], 4 [16], 5 [17,18], 6
[19], or 10 [6] in clinical studies and from 3 [12], 10 [20], and up to
100 [9] in research studies (see also Ref. [4], Supplementary Table 3).
This implies the lack of agreement as to how many trials should be
averaged and the lack of justification for a given approach. The reason
for such a large discrepancy is an assumption by clinicians that pa-
thological changes may be captured with only a few trials recorded,
whereas researchers tend to average many trials to improve the signal-
to-noise ratio, as with evoked potentials or trans-cortical reflexes. In
contrast to the latter responses, the CSP is robust and often visible on a
single trial at sufficiently high stimulation intensities [16,18]. More-
over, averaging many trials may confound the CSP results since the
excitatory trans-cortical reflex may appear early within the CSP
window, particularly at lower intensities [9], making a determination
of the onset latency ambiguous. From the standpoint of clinical prac-
tice, it is desired to deliver the least necessary number of stimuli to
ensure subject cooperation and to perform studies in a time-efficient
manner.

Determining the minimum number of trials that yield a reliable
response may be approached statistically [21], However, interpretation
of statistical estimates such as the intra-class correlation coefficient is
not straightforward, because this measure of reliability is influenced by
a spread of values in the dataset, making it prone to sample bias. Also,
the adopted boundaries between different levels of reliability (e.g.,
“good” vs. “excellent”) are artificial, leaving the clinician with little
practical guidance. A more prudent, physiologic approach would be to
examine whether properties of the I–O curve representing the ex-
teroceptive EMG suppression differ as a function of the number of trials
averaged, which is the second aim of this study. With only a few trials
averaged, the I–O curve may be impossible to adequately fit, or curves
with a different number of averages may have different shapes or
parameters (slope, intercept). Alternatively, if the I–O properties do not
significantly differ between the curves with a small vs. a large number
of trials averaged, it can be concluded that smaller averages capture the
same information as larger averages, thus justifying the use of fewer
trials. Assuming that many trials need to be averaged to adequately
model the exteroceptive EMG suppression, we hypothesized that the
parameters of I–O curve composed of fewer trials would significantly
differ from the parameters of the I–O curve with more trials averaged.
This was tested separately for the two most commonly reported para-
meters, the duration and magnitude of exteroceptive EMG inhibition.

2. Material and methods

2.1. Subjects and procedure

Sixteen healthy subjects (mean age 41 ± 11 years, 9 men) with no
known neurological disorders signed the informed consent to partici-
pate in this study approved by the Institutional Review Board of
Methodist Rehabilitation Center. Subjects were seated upright in a
comfortable chair. The dominant arm was positioned on an armrest,
with the shoulder in a neutral position, the elbow at a 90° angle, the
hand slightly pronated, and the digits relaxed.

Routine electrodiagnostic equipment (Viking Select, Viasys,
Madison, WI, USA) was used for stimulation and recording. Ring elec-
trodes were placed around the two distal phalanges of the index finger.
Sensory threshold (ST) was determined using constant current square
wave pulses of 0.5 ms duration [9]. A pair of surface recording elec-
trodes (distance 3 cm) was placed over the belly and tendon of the ip-
silateral thenar muscles.

Subjects were asked to hold steady thumb abduction at 20–25% of
maximum effort against a velcro-strap. The force was not monitored
since it does not critically influence CSP parameters below 50% of the
maximum [9,22,23]. Auditory feedback was provided to facilitate the
maintenance of constant effort during the recording.

Exteroceptive EMG suppression was induced by delivering re-
petitive square wave pulses (0.5 ms duration, 0.7 Hz rate) in blocks of
60 stimuli. The intensity (2.5, 5, 10, and 20xST) was varied between
blocks in random order. Single sweeps of 1000ms in duration, in-
cluding 100ms pre-stimulus delay, of the non-rectified surface EMG
were recorded (sampling rate 2000/s), amplified, and filtered (band-
pass 30–10,000 Hz).

2.2. Data processing

Individual waveforms were imported into custom-made MATLAB
software (MathWorks, Inc., Natick, MA, USA) for further processing and
analysis. The waveforms were rectified and incrementally averaged in
blocks of 5, 10, 20, 30, 40, 50, and 60 trials for each subject. For each
block and subject, the mean rectified EMG amplitude was calculated
over the 100ms pre-stimulus interval (baseline) and the 80% cut-off
was determined (Fig. 1). The software identified the onset and end la-
tencies of the exteroceptive EMG suppression by searching from 80ms
after the stimulation (typical mid-point of the CSP) in both directions
for the last 4 and the first 4 consecutive points above the 80% cut-off.
The onset latency was defined as the intersection between the 80% pre-
stimulus baseline and the line that connects the last of the 4 consecutive
points above the cut-off and the first point below the cut-off. The end
latency was similarly defined as the intersection between the 80% pre-
stimulus baseline and the line that connects the last point below the cut-
off and first of the 4 consecutive points above the cut-off. The duration
of exteroceptive EMG suppression (ms) was calculated as the difference
between the end and onset latencies. The magnitude was expressed as
the suppression index (SI, %), derived by dividing the mean EMG am-
plitude corresponding to the duration of inhibition by the mean EMG
amplitude during the pre-stimulus baseline (the smaller the SI, the
greater the suppression). The software allowed for visual inspection of
the averaged waveforms and adjustment of starting search points, if
necessary. All averaged waveforms were independently inspected by
two authors who verified the proper marker placement. The duration

Fig. 1. The average waveform from a single subject (block of 20 trials, 20xST)
depicts the method for software analysis. The onset and end (arrows) of ex-
teroceptive EMG suppression are defined as the intersection between the
broken line that represents 80% of the pre-stimulus baseline and the solid line
that connects the points above and below the 80% of baseline. The point above
the 80% baseline is selected by the software as the first of the 4 consecutive
points above the cut-off on each side of the window (black circles). Vertical
lines from the intersections down mark the onset and end latencies read by the
software with subsequent calculation of the duration and index of suppression
(SI).
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and SI for each of the 7 blocks of averaged trials per subjects were
exported into a spreadsheet. If the EMG suppression did not meet the
above definition, a 0-ms value was imputed for the duration and 100%
for the SI (i.e., average EMG during the selected inhibitory window
equal to the pre-stimulus baseline).

2.3. Statistical analysis

The duration and SI values were submitted to GraphPad software for
further analysis. First, the prevalence of EMG suppression was analyzed
across different blocks and stimulus intensities. Then, the duration and
SI were compared across different blocks using both imputed and non-
imputed data (reported as mean ± SE).

The I–O curve fitting was done on imputed dataset because this way
all subjects contributed data to all blocks (balanced design) and the
derived models can serve as normative data for comparison to patient
groups. The most parsimonious and physiologically plausible model
with the highest coefficient of determination (R2) was considered the
best fit. The following procedure was used to determine the perfor-
mance of the best-fit models. The Replicates test was run first to de-
termine whether the best solution follows the data trend (i.e., how far
are the points from the curve compared to the scatter of replicates). In
the second step, the Extra sum-of-squares F-test was used to determine
whether the block size (i.e., the number of trials averaged) affects curve
parameters. This was done by testing whether a single global curve
accounting for all blocks together provides an adequate fit as do the
individual curves for each block separately. That is, if the parameters of
the global curve do not statistically differ from the parameters of each
individual curve, it is concluded that block size (number of trials
averaged) does not influence the properties of I–O curve, thus rejecting
the stated hypothesis. Conversely, if the parameters of the global and
individual curves differ significantly, the properties of I–O curve are
affected by the block size and the stated hypothesis was accepted. A p-
value of< 0.05 was considered significant.

3. Results

3.1. Characteristics of exteroceptive EMG suppression with 5–60 trials
averaged

The prevalence of exteroceptive EMG suppression increased more
with increasing stimulus intensity than with the number of trials
averaged. Across all 16 subjects and 7 blocks per subject (total 112
blocks per stimulus intensity), the EMG suppression as defined here was
present in 48 (43%) blocks at 2.5xST, 81 (72%) blocks at 5xST, and in
all 112 blocks (100%) at 10 and 20xST. When the EMG suppression was
absent at 5xST, it was also absent at 2.5xST in the same block and
subject, except on two occasions. As a result, the prevalence of EMG
suppression was 25% (4/16 subjects) at 2.5xST with 5 or 10 trials
averaged, which increased to 56% (9/16 subjects) with 50 and 60 trials
averaged (Table 1). This increase in prevalence at 2.5xST was not sig-
nificantly different between blocks of 5 and 60 (Fisher’s exact test,
p= 0.149). At 5xST the prevalence ranged from 63% to 75%, and at 10
and 20xST, it reached 100% (EMG suppression present in all 16 subjects
across all blocks). The least number of trials that produced the EMG
suppression in all subjects was 5 trials at 10xST. The waveforms from a
subject with suppression across all stimulation intensities and blocks
are shown in Fig. 2.

Table 2 shows the means for the duration and magnitude (SI) of
EMG suppression across all blocks and stimulation intensities (0 ms and
100% imputed if no suppression found). At 2.5xST, the mean duration
increased from 9ms for the blocks of 5 and 10 averages to 16ms for the
blocks of 50 and 60 averages (not significant, paired t-test). At 5xST and
above, the difference in duration of EMG suppression was also not
significant across different block sizes. If the analyses for 2.5 and 5xST
included only data when the EMG suppression was present (non-

imputed data), the mean duration at 2.5xST ranged from 38ms for the
block of 5 averages to 29ms for the block of 60 averages, and at 5xST
from 52 to 48ms, respectively, (both not significant, unpaired t-test).

In terms of the magnitude of EMG suppression, mean SI decreased
with increasing stimulation intensity, from about 80% of pre-stimulus
baseline at 2.5xST to about 25% at 20xST (Table 2, bottom part). The SI
was not significantly different between the blocks with a different
number of trials averaged for any stimulation intensity when a 100%
value was imputed to the cases not meeting the definition of suppres-
sion. If analyses included only data with the EMG suppression present
(non-imputed dataset), the mean SI at 2.5xST was significantly different
between the blocks of 5 (39%) and 60 averages (63%, p < 0.05,
Bonferroni multiple comparison test), but not at 5xST (42% and 55%,
respectively).

3.2. Input-output properties of exteroceptive EMG suppression

The I–O curve of exteroceptive EMG suppression was fitted to the
imputed data for the reasons stated in the methods. The best fit for the
duration of EMG suppression was the second order polynomial (quad-
ratic) function. The statistical results indicated that a global quadratic
function, derived from all blocks together, provided a fit that was as
good as from the individual functions representing each block sepa-
rately (Replicates test F= 0.00–0.56, 0.81≤ p ≤0.98; Extra sum-of-
squares test F= 0.196, p=0.999). This rejects the hypothesis that I–O
curves for the duration of exteroceptive EMG suppression differ de-
pending on the number of trials averaged. Table 3 shows the para-
meters of quadratic functions and the associated R2 coefficients when
each block (5, 10, etc.) was fitted with a separate function and when all
blocks (5–60) were fitted in aggregate with one global function (bottom
row, shared R2=0.679). In addition, the last column provides the R2

values when each block was fitted with the global function for com-
parison to the R2 values of the respective individual functions (pre-
ceding column). Note small differences between the global and in-
dividual R2 values across all blocks (0.003 when the global shared R2 is
subtracted from the mean of individual R2 values). Fig. 3 shows the
average duration of exteroceptive EMG suppression for different blocks
and stimulation intensities along with the I–O curve of the global
function, demonstrating adequate fit to the data.

The results for the SI were similar. The quadratic function also
provided the best fit but the R2 values were somewhat lower (Table 4).
Again, there was no statistical difference between the individual and
global fit with respect to the number of trials averaged (Replicates test
F= 0.22–1.4, 0.25≤ p ≤0.79; Extra sum-of-squares F-test F= 0.21,
p=0.998). The shared R2 of the global function was 0.56 and similar
to the R2 values of the individual functions. The difference between the
global R2 value and the mean of the individual R2 values was 0.004.
Fig. 4 shows the mean SI for different blocks and stimulation intensities
along with the I–O curve of the global function demonstrating overall

Table 1
Number (percent) of subjects out of 16 in whom the exteroceptive EMG sup-
pression was elicited in each block across different stimulus intensities (ST,
sensory threshold).

Block (n) Stimulus intensity (xST)

2.5 5 10 20

5 4 (25%) 10 (63%) 16 (100%) 16 (100%)
10 4 (25%) 11 (69%) 16 (100%) 16 (100%)
20 7 (44%) 12 (75%) 16 (100%) 16 (100%)
30 7 (44%) 12 (75%) 16 (100%) 16 (100%)
40 8 (50%) 12 (75%) 16 (100%) 16 (100%)
50 9 (56%) 12 (75%) 16 (100%) 16 (100%)
60 9 (56%) 12 (75%) 16 (100%) 16 (100%)

No significant difference between blocks of 5 and 60 at both 2.5 and 5xST
(Fisher’s exact test, p≥0.149).
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adequate fit. The results did not substantially differ when the same
analysis was done on the non-imputed dataset (best fit with the quad-
ratic function, no significant difference between the global fit and each
individual fit, slightly smaller R2 values).

4. Discussion

This study of exteroceptive EMG suppression in the thenar muscles
elicited by cutaneous stimulation of the index finger revealed two major
findings. First, the suppression is present in all healthy subjects at
≥10xST with only 5 trials averaged. Secondly, the pattern of progres-
sively longer and greater suppression with increasing stimulation from
2.5 to 20xST is adequately described whether as few as 5 or up to 60
trials were averaged at each intensity. These results have several im-
plications.

A major concern in many CSP studies has been the use of high-

Fig. 2. The waveforms from a subject with unusually long exteroceptive EMG suppression at low stimulation intensity (2.5xST) that increased more in magnitude
than duration at higher intensities (5–20×ST). Note no major differences across 7 blocks (rows) of the incrementally larger number of trials averaged (n=5–60) at
any stimulation intensity. The broken horizontal line indicates 80% of pre-stimulus baseline and the two vertical lines denote the onset and end of EMG suppression.

Table 2
Mean (± SE) for the duration and magnitude of exteroceptive EMG suppression
for each block across different stimulus intensities (ST, sensory threshold). If
absence of suppression, values of 0ms for duration and 100% for index of
suppression were imputed.

Block (n) Stimulus intensity (xST)

2.5 5 10 20

Duration (ms)
5 9.3 ± 4.6 32.8 ± 3.3 64.3 ± 6.6 93.1 ± 5.3
10 9.4 ± 4.3 32.9 ± 6.9 68.9 ± 6.4 94.7 ± 4.2
20 12.9 ± 4.2 35.7 ± 6.4 69.1 ± 6.5 98.9 ± 4.3
30 13.0 ± 3.9 35.4 ± 6.3 68.1 ± 6.2 95.8 ± 4.1
40 15.0 ± 4.3 35.1 ± 6.6 66.6 ± 6.4 96.7 ± 4.5
50 16.9 ± 4.4 36.6 ± 6.7 69.5 ± 6.0 94.0 ± 4.3
60 16.3 ± 4.2 35.8 ± 6.6 69.3 ± 6.1 94.2 ± 4.2

Index of Suppression (%)
5 84.8 ± 6.9 64.0 ± 8.1 33.7 ± 4.4 23.5 ± 1.5
10 87.0 ± 5.9 59.2 ± 7.2 35.5 ± 4.6 24.9 ± 1.7
20 81.7 ± 5.5 66.4 ± 6.6 37.2 ± 3.6 27.1 ± 1.8
30 81.3 ± 5.6 61.0 ± 6.3 40.1 ± 4.8 25.5 ± 1.5
40 79.6 ± 5.4 62.9 ± 6.1 37.3 ± 3.4 25.8 ± 1.2
50 79.0 ± 4.9 63.9 ± 6.0 40.6 ± 4.7 24.9 ± 1.4
60 79.1 ± 4.9 65.9 ± 6.1 40.9 ± 4.7 27.7 ± 3.1

Index of Suppression expressed as a percent of pre-stimulus baseline.

Table 3
Parameters of the quadratic function (Y= a+b*X+ c*X2) that best fitted the
duration of exteroceptive EMG suppresion data taking into account each size set
separately (5–60) and all sets together (global). The last two columns provide a
comparison of the goodness of fit (R2) between each individual solution and the
global solution fitted to the same block size (note comparable R2 values).

Block (n) Parameters of quadratic function for duration of EMG suppression

a b c Individual R2 Global R2

5 −0.0141 0.0105 −0.0003 0.647 0.641
10 −0.0182 0.0118 −0.0003 0.695 0.692
20 −0.0120 0.0107 −0.0003 0.704 0.702
30 −0.0117 0.0106 −0.0003 0.704 0.704
40 −0.0077 0.0096 −0.0002 0.675 0.674
50 −0.0075 0.0103 −0.0003 0.664 0.661
60 −0.0084 0.0103 −0.0003 0.675 0.673
Global −0.0114 0.0105 −0.0003 – 0.679a

a shared R2 of the global function.
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intensity stimulation over many trials, which often limited the toler-
ance. The results of this study suggest that the need to record fewer
trials could help to increase overall subject compliance and acceptance

of the technique by clinicians and scientists. This is of particular interest
as the clinical utility of CSP technique has recently gained some at-
tention [5].

The most salient finding of this study is that averaging 5 trials at
10xST is sufficient to evoke in healthy subjects the exteroceptive EMG
suppression below 80% of pre-stimulus baseline. Thus, not attaining
this level of EMG suppression in thenar muscles following index finger
stimulation at 10xST and above should be considered abnormal in an
individual patient, which can be reliably detected after averaging as
few as 5 trials.

In clinical research, the reported prevalence can be used as nor-
mative data for comparison of presence/absence of the EMG suppres-
sion between patients and controls. The prevalence of exteroceptive
EMG suppression was found directly related to the stimulation in-
tensity, as reported before [9,23] Of relevance here is that EMG sup-
pression was present in all 16 subjects at and above 10xST regardless of
whether 5 or 60 trials were averaged. Although the prevalence at
2.5xST more than doubled when the number of averages increased from
5 to above 40 (Table 1), this difference was not significant. Such an
increase is in contrast to the reported habituation at 2xST and 3 Hz
repetition rate [13], which can be explained by a lower repetition rate
in our study (0.7 Hz).

The frequent absence of EMG suppression at low intensities may be
due to insufficient activation of small A-delta fibers responsible for
generating the CSP or pronounced recruitment of large myelinated fi-
bers producing a long-latency excitatory reflex that may be interposed
between the early and late periods of inhibition [9]. This may cause
EMG to remain above the level that defines the onset and end of ex-
teroceptive EMG suppression (80% of pre-stimulus baseline here). For a
comparable number of trials averaged, the EMG suppression was
evoked here at a similar rate as in the previous studies that defined the
presence of inhibition (CSP) in the same manner [9,23].

The number of trials averaged did not affect the duration or mag-
nitude of EMG suppression with stimulation intensities at or above
5xST. At 2.5xST, the duration somewhat increased, albeit non-sig-
nificantly, from the block of 5 averages to the blocks of 40–60 averages
when 0ms was imputed to the cases not meeting the definition of
suppression (Table 2). What lies behind, is the increased prevalence of
suppression from 5 to 60 averages; with more 0-ms imputed values
replaced by actual durations, the means become larger. However, if
analyzing only the data when the suppression was present (non-im-
puted dataset), the mean duration decreased (˜10ms) non-significantly
from 5 to 60 averages. Similar to the duration, the number of trials
averaged did not affect the magnitude of suppression at 2.5 ST across
different stimulation intensities in the imputed dataset (Table 2). In the
non-imputed dataset, significantly less suppression (25% difference)
was found with an increase from 5 to 60 averages. The decrease in both
the duration and magnitude of suppression at 2.5xST is likely due to the
increase in the excitatory component of trans-cortical reflex with more
trials averaged.

The uncertainty about the number of trials to be averaged could be
overcome by examining the I–O curve between the stimulus intensity
and the duration and magnitude of exteroceptive EMG suppression. The
I–O results reported here re-affirm some known findings, but also reveal
new ones. Several investigators reported a longer and more profound
EMG suppression with increasing stimulus intensity [9,11,12,23] but
the profile of change has not been studied in detail. We found that the
duration and magnitude of exteroceptive EMG suppression were best
fitted with a quadratic function (increasing and decreasing, respec-
tively). The overall goodness of fit (R2) was somewhat better for the
duration than the magnitude (Tables 3 and 4). This can be ascribed to
typically smaller inter-individual differences in latency (hence dura-
tion) vs. amplitude measures in neurophysiologic recordings. The
adequate performance of each model is re-affirmed by the intercept
(parameter “a”), which approximates 0 for the duration and 1 for SI,
partially reflecting the impact of imputed values due to low prevalence

Fig. 3. Mean values (± SE) for the duration of exteroceptive EMG suppression
for blocks with the different number of trials averaged (n=5–60) and the
global input-output curve fitted to all data (data points offset for visibility).

Table 4
Parameters of the quadratic function (Y= a + b*X+ c*X2) that best fitted the
magnitude of exteroceptive EMG suppression data taking into account each size
set separately (5–60) and all sets together (global). The last two columns pro-
vide a comparison of the goodness of fit (R2) between each individual solution
and the global solution fitted to the same block size (note comparable R2 va-
lues).

Block (n) Parameters of quadratic function for magnitude of EMG suppression

a b c Individual R2 Global R2

5 1.090 −0.107 0.002 0.525 0.519
10 1.104 −0.111 0.003 0.573 0.566
20 1.045 −0.094 0.003 0.584 0.583
30 0.996 −0.085 0.002 0.553 0.552
40 1.003 −0.088 0.003 0.602 0.601
50 0.969 −0.077 0.002 0.580 0.575
60 0.974 −0.078 0.002 0.546 0.539
Global 1.026 −0.091 0.003 – 0.560a

a shared R2 for the global function.

Fig. 4. Mean values (± SE) for the index of exteroceptive EMG suppression for
blocks with the different number of trials averaged (n=5–60) and the global
input-output curve fitted to all data (data points offset for visibility).
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of the EMG suppression at 2.5xST.
Of practical relevance is the finding that averaging a smaller

number of trials did not affect the properties of I–O curve best re-
presenting the duration and magnitude of exteroceptive EMG suppres-
sion. For both parameters, the global model fitted the data as ade-
quately as did each individual model for averages from 5 to 60 trials.
This is also evident as a negligible difference between the R2 values
when the global function or separate individual functions were fitted to
each block of data for both the duration and magnitude of EMG sup-
pression (Tables 3 and 4). Such findings can be attributed to well-
known characteristics of exteroceptive EMG suppression on both ends
of the examined I–O relationship; that is, the frequent absence of in-
hibition at low stimulation intensities and the consistent presence of
profound inhibition at higher stimulus intensities, commonly seen even
in individual traces [16]. Thus, in healthy subjects, properties of the I–O
curve representing exteroceptive EMG suppression do not substantially
change whether only a few or many trials are averaged. The overall
results suggest that averaging as few as 5 or up to 20 trials should be
adequate, depending on the nature of the study, sample size, and
judgment of investigators. Interpreting the changes in the I–O proper-
ties of the duration and magnitude together may help to better un-
derstand mechanisms involved in low versus high stimulation intensity
exteroceptive EMG suppression [24,25] and explain some less intuitive
CSP findings [26,27].

4.1. Study limitations

Only the index finger-thenar muscle combination was examined
here; thus, it remains to be seen how the current results compare to
other digit-muscle pairs, although no major difference is expected. The
results are based on fitting the curve to the entire study sample, thus,
caution should be exercised when using these normative data to de-
termine whether a single case differs from controls. Although the
sample size is relatively small, the exteroceptive EMG suppression was
robust and showed typical characteristics, which provides confidence in
the generalization of the findings. Until tested in real-life situations, the
applicability of the described analysis method remains speculative. In
any case, this approach should be considered complementary to other
evaluation methods. Its practicality may also be of concern. However,
we will provide the software upon the request free of charge or alter-
natively, the waveform analysis and the curve fitting can easily be done
in the spreadsheet software. The parameters of the curves shown for
healthy subjects can be used for comparison with patient groups for
research purposes. The most practical application of this study, ready
for immediate use in clinical practice, is the finding that 5 traces at
10xST are sufficient to produce the suppression below 80% of the
baseline in all healthy subjects, which can serve as a normative data for
comparison to individual patients. Since nearly all EMG equipment
used in clinical settings is capable of rectifying and averaging traces
online as well as calculating the area under the curve, the analysis of
presence/absence of suppression is the most practical application of our
results.

5. Conclusion

Exteroceptive EMG suppression is present in all healthy subjects at
10xST after averaging only 5 trials. Moreover, averaging as few as 5
trials across the range of stimulus intensities yields I–O properties that
are no different from averages containing as many as 60 trails. The
possibility to record fewer trials than typically used before is expected
to increase the compliance of patients and research subjects and effi-
ciency in data collection.

Disclosure

None

Acknowledgment

We thank John W. Chow, Ph.D. for developing the analysis soft-
ware. This work was supported in part by the Wilson Research
Foundation, Jackson, MS, USA. Ivana Stetkarova was supported in part
by the Research Project of Charles University Progress Q35.

References

[1] R. Garnett, J.A. Stephens, The reflex responses of single motor units in human first
dorsal interosseous muscle following cutaneous afferent stimulation, J. Physiol. 303
(1980) 351–364.

[2] J.R. Jenner, J.A. Stephens, Cutaneous reflex responses and their central nervous
pathways studied in man, J. Physiol. 333 (1982) 405–419.

[3] N.A. Syed, F. Sandbrink, C.A. Luciano, G. Altarescu, T. Weibel, R. Schiffmann,
M.K. Floeter, Cutaneous silent periods in patients with Fabry disease, Muscle Nerve
23 (2000) 1179–1186.

[4] M. Kofler, A.A. Leis, J. Valls-Sole, Cutaneous silent periods - part 1: update on
physiological mechanisms, Clin. Neurophysiol. 130 (2019) 588–603.

[5] M. Kofler, A.A. Leis, J. Valls-Sole, Cutaneous silent periods - part 2: update on
pathophysiology and clinical utility, Clin. Neurophysiol. 130 (2019) 604–615.

[6] D. Lopergolo, B. Isak, M. Gabriele, E. Onesti, M. Ceccanti, G. Capua, L. Fionda,
A. Biasiotta, S.G. Di, C.S. La, V. Frasca, M. Inghilleri, Cutaneous silent period re-
cordings in demyelinating and axonal polyneuropathies, Clin. Neurophysiol. 126
(2015) 1780–1789.

[7] M.C. Ridding, J.C. Rothwell, Stimulus/response curves as a method of measuring
motor cortical excitability in man, Electroencephalogr. Clin. Neurophysiol. 105
(1997) 340–344.

[8] H. Devanne, B.A. Lavoie, C. Capaday, Input-output properties and gain changes in
the human corticospinal pathway, Exp. Brain Res. 114 (1997) 329–338.

[9] M. Kofler, Functional organization of exteroceptive inhibition following nociceptive
electrical fingertip stimulation in humans, Clin. Neurophysiol. 114 (2003) 973–980.

[10] M. Klimstra, E.P. Zehr, A sigmoid function is the best fit for the ascending limb of
the Hoffmann reflex recruitment curve, Exp. Brain Res. 186 (2008) 93–105.

[11] A. Uncini, T. Kujirai, B. Gluck, S. Pullman, Silent period induced by cutaneous
stimulation, Electroencephalogr. Clin. Neurophysiol. 81 (1991) 344–352.

[12] J.Y. Kim, S.J. Han, T.S. Yoon, Minimal electrical stimulation intensity and duration
to elicit maximal cutaneous silent period in hand, Neurophysiol. Clin. 39 (2009)
291–294.

[13] M. Serrao, L. Parisi, F. Pierelli, P. Rossi, Cutaneous afferents mediating the cuta-
neous silent period in the upper limbs: evidences for a role of low-threshold sensory
fibres, Clin. Neurophysiol. 112 (2001) 2007–2014.

[14] F.M. Corsi, S. Fausti, M. Serrao, C. Casali, L. Parisi, G. Piazza, Electromyographic
mixed nerve and cutaneous silent period in evaluating the A-delta fibres in a patient
with hereditary sensory-autonomic neuropathy, Funct. Neurol. 17 (2002) 31–34.

[15] L.A. Resende, R.P. Alves, H.A. Castro, P.A. Kimaid, C.R. Fortinguerra, A.O. Schelp,
Silent period in carpal tunnel syndrome, Electromyogr. Clin. Neurophysiol. 40
(2000) 31–36.

[16] A.A. Leis, M. Kofler, I. Stetkarova, D.S. Stokic, The cutaneous silent period is pre-
served in cervical radiculopathy: significance for the diagnosis of cervical myelo-
pathy, Eur. Spine J. 20 (2011) 236–239.

[17] S.L. Pullman, B. Ford, B. Elibol, A. Uncini, P.C. Su, S. Fahn, Cutaneous electro-
myographic silent period findings in brachial dystonia, Neurology 46 (1996)
503–508.

[18] M.R. Onal, U.H. Ulas, O. Oz, V.S. Bek, M. Yucel, A. Taslipinar, Z. Odabasi,
Cutaneous silent period changes in Type 2 diabetes mellitus patients with small
fiber neuropathy, Clin. Neurophysiol. 121 (2010) 714–718.

[19] A. Truini, L. Padua, A. Biasiotta, P. Caliandro, C. Pazzaglia, F. Galeotti,
M. Inghilleri, G. Cruccu, Differential involvement of A-delta and A-beta fibres in
neuropathic pain related to carpal tunnel syndrome, Pain 145 (2009) 105–109.

[20] F. Pujia, M. Serrao, M. Brienza, E. Vestrini, G.O. Valente, G. Coppola, F. Pierelli,
Effects of a selective serotonin reuptake inhibitor escitalopram on the cutaneous
silent period: a randomized controlled study in healthy volunteers, Neurosci. Lett.
566 (2014) 17–20.

[21] G.N. Lewis, N. Signal, D. Taylor, Reliability of lower limb motor evoked potentials
in stroke and healthy populations: how many responses are needed? Clin.
Neurophysiol. 125 (2014) 748–754.

[22] M. Kofler, H. Kumru, I. Štetkárová, C. Schindler, P. Fuhr, Muscle force up to 50% of
maximum does not affect cutaneous silent periods in thenar muscles, Clin.
Neurophysiol. 118 (2007) 2025–2030.

[23] Z. Rodi, C. Springer, Influence of muscle contraction and intensity of stimulation on
the cutaneous silent period, Muscle Nerve 43 (2011) 324–328.

[24] I.A. Mota, J.B. Fernandes, M.N. Cardoso, X. Sala-Blanch, M. Kofler, J. Valls-Sole,
Temporal profile of the effects of regional anesthesia on the cutaneous reflexes of
foot muscles, Exp. Brain Res. 233 (2015) 2587–2596.

[25] P. Rossi, F. Pierelli, L. Parisi, A. Perrotta, M. Bartolo, G. Amabile, M. Serrao, Effect
of painful heterotopic stimulation on the cutaneous silent period in the upper limbs,
Clin. Neurophysiol. 114 (2003) 1–6.

[26] J. Svilpauskaite, A. Truffert, N. Vaiciene, M.R. Magistris, Cutaneous silent period in
carpal tunnel syndrome, Muscle Nerve 33 (2006) 487–493.

[27] S.K. Aurora, B.K. Ahmad, T.K. Aurora, Silent period abnormalities in carpal tunnel
syndrome, Muscle Nerve 21 (1998) 1213–1215.

D.S. Stokic, et al. Clinical Neurology and Neurosurgery 184 (2019) 105452

6

http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0005
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0005
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0005
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0010
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0010
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0015
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0015
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0015
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0020
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0020
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0025
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0025
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0030
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0030
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0030
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0030
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0035
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0035
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0035
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0040
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0040
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0045
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0045
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0050
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0050
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0055
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0055
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0060
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0060
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0060
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0065
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0065
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0065
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0070
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0070
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0070
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0075
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0075
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0075
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0080
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0080
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0080
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0085
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0085
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0085
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0090
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0090
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0090
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0095
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0095
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0095
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0100
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0100
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0100
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0100
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0105
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0105
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0105
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0110
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0110
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0110
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0115
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0115
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0120
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0120
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0120
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0125
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0125
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0125
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0130
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0130
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0135
http://refhub.elsevier.com/S0303-8467(19)30248-3/sbref0135

	Exteroceptive suppression of voluntary activity in thenar muscles by cutaneous stimulation: How many trials should be averaged?
	Introduction
	Material and methods
	Subjects and procedure
	Data processing
	Statistical analysis

	Results
	Characteristics of exteroceptive EMG suppression with 5–60 trials averaged
	Input-output properties of exteroceptive EMG suppression

	Discussion
	Study limitations

	Conclusion
	Disclosure
	Acknowledgment
	References




