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a b s t r a c t

The functional (i.e., kinematic) aspects of the blink reflex depend on the size of the integrated orbicularis
oculi EMG response. Peak amplitude of smoothed rectified EMG is often used as an approximation of inte-
grated EMG. A comparison was made between the outputs of 24 different smoothing filters, correlating
eywords:
yeblink reflex
coustic blink
lectric blink

peak amplitude of acoustic or electric blink reflexes with integrated EMG. The coefficient of determina-
tion (R2) was largest (i.e., ≥.95 for acoustic and ≥.90 for electric blink reflexes) when using either (1) a
first-order resistor–capacitor filter with a time constant of 50 or 100 ms, (2) a boxcar filter averaging 51
or 101 data points, or (3) an unequal-weight finite impulse response filter with a cutoff frequency of 5
or 10 Hz. These filters are thus recommended when determining peak amplitude. Applying a baseline

tude a
correction on peak ampli
uncorrected measures.

. Introduction

As explicated by Blumenthal et al. (2005), the human eyeblink
eflex can be measured by recording the eyelid movement or the
lectromyographic (EMG) response of the orbicularis oculi mus-
le. In many studies, the blink reflex is measured as an index of
entral neural processes and their modification by psychological
actors. In these studies, in which the kinematic aspects of the
yeblink are not of primary interest, recording the EMG response
ith surface electrodes is by far the most frequently used tech-
ique. After band-pass filtering of the raw EMG signal to remove

ow-frequency and high-frequency artifacts, two different proce-
ures are generally followed for quantification of the EMG response
agnitude: (1) mathematical integration of the rectified EMG sig-

al (determining the area under the curve) within a certain time
indow after eliciting-stimulus onset; (2) determining the max-

mum value of the rectified signal within this time window (for
n overview of signal processing procedures, see Blumenthal et al.,
005). Following the second method, the rectified signal is usually

nitially smoothed (low-pass filtered) to reduce random variations
n the signal. A survey of 100 recent (2006–2009) acoustic or elec-

ric blink reflex studies from different disciplines – but the large

ajority from the behavioral sciences – shows that in 6 studies
he EMG response was integrated whereas in 94 studies the max-
mum value of the rectified signal was determined.1 In 18 studies

∗ Tel.: +31 13 4662378; fax: +31 13 4662067.
E-mail address: a.vanboxtel@uvt.nl.

1 The results of this survey can be obtained from the author on request.

301-0511/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.biopsycho.2010.07.017
nd integrated EMG produced slightly smaller values of R2 compared with

© 2010 Elsevier B.V. All rights reserved.

of the latter group, the maximum value of the unsmoothed recti-
fied signal was determined. In the other 76 studies, the rectified
signal was first smoothed using either a resistor–capacitor (RC)
circuit (43 studies), a nonrecursive (or finite impulse response,
FIR) filter (25 studies), a recursive (or infinite impulse response,
IIR) filter (3 studies), or an unspecified filter (5 studies). The time
constant of the applied RC filters varied between 5 and 200 ms.
The applied FIR filters largely consisted of simple equal-weight,
or boxcar, filters calculating a moving average (23 out of 25 stud-
ies), the number of data points being averaged varying between
3 and 40. The large majority of all these studies did not present a
rationale for calculating either the integrated EMG response or the
peak amplitude. Also, several investigators used different methods
in different studies. There appears thus to be not much consis-
tency in the application of blink reflex magnitude quantification
methods. The prevailing practice within behavioral studies to mea-
sure EMG peak amplitude seems, at least partly, based on early
studies introducing this method. Some frequently used scoring pro-
grams (e.g., Balaban et al., 1986; see also Anthony and Graham,
1985) were designed for scoring either EMG, electrooculographic,
or mechanical (potentiometric) blink reflex measures. These pro-
grams invariably scored peak amplitude of each response measure.
Based on this convention, many current programs for scoring blink
reflex EMG data, including several commercial systems, only pro-
vide the peak amplitude option or implicitly recommend applying

this option (see also Berg and Balaban, 1999). In their guidelines
for the elicitation, recording, and quantification of blink reflexes,
Blumenthal et al. (2005) did not recommend a specific quantifica-
tion method due to a lack of empirical data comparing different
methods.

dx.doi.org/10.1016/j.biopsycho.2010.07.017
http://www.sciencedirect.com/science/journal/03010511
http://www.elsevier.com/locate/biopsycho
mailto:a.vanboxtel@uvt.nl
dx.doi.org/10.1016/j.biopsycho.2010.07.017
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Although it may be expected that the outcomes of signal inte-
ration and peak amplitude measurement are positively related,
t remains unclear how strong these interrelations are. Grillon
nd Davis (1995) found that the mean within-subjects coeffi-
ient of determination (R2) between integrated EMG and peak
mplitude of the unsmoothed rectified signal was .85. Correlating
ntegrated EMG with peak amplitude of either the unsmoothed or
he smoothed rectified signal (using an RC filter with a time con-
tant of 10 or 100 ms), Blumenthal (1998) found that the mean
ithin-subjects R2 varied between .56 and .88. Although the out-

omes of the two methods are thus positively related, Blumenthal’s
ata also suggest that the proportion of unshared variance may be
onsiderable. The question thus rises which quantification method
hould be preferred.

This question can only be answered if a valid criterion exists for
he magnitude of the blink reflex which may serve as a standard
or evaluating other magnitude measures. I think that this crite-
ion should be derived from the natural function of the blink reflex.
lthough the blink reflex strictly cannot be considered a nocicep-

ive reflex (Ellrich et al., 2001), it is generally assumed that its
rimary function is protecting the eyeball in emergency situations.
his implies that the criterion should be based on the effectiveness
f the protective kinematic eyelid response. This effectiveness can
e defined in terms of the amplitude and the maximum velocity
f eyelid closure, both properties being linearly related (Evinger
t al., 1991; Van der Werf et al., 2003). Reflexive eyelid closure
s achieved by two tightly coupled actions: primarily, contraction
f orbicularis oculi and, secondarily, relaxation of levator palpe-
rae (Björk and Kugelberg, 1953; Van Allen and Blodi, 1962). The
urface EMG response of orbicularis oculi consists of the sum-
ated action potentials of the activated motor units, individual

nits firing repeatedly and asynchronously at high rates (Dengler
t al., 1982). The summated twitch contractions of the individual
nits jointly determine the amplitude and maximum velocity of
he eyelid closure response. All activated motor units thus con-
ribute to the magnitude of the mechanical blink reflex response.
ccordingly, preliminary data of Van der Werf et al. (2003) show
positive relationship between integrated surface EMG and the

mplitude of eyelid closure as recorded with a magnetic search
oil. However, in this study within-subjects R2’s were on average
ot large because different types of blinks (spontaneous, voluntary,
nd reflex blinks; the last ones being elicited with electrical or air
uff stimuli) were pooled in the analyses. In addition, reflex blinks
ere elicited using stimuli of a fixed intensity leading to a restricted

ange of response magnitudes and thus prohibiting a reliable esti-
ation of the relationship between integrated EMG and mechanical

esponse size. As far as I know, an adequate investigation includ-
ng a wide range of blink response magnitudes is not available so
hat there is no direct empirical proof of integrated surface EMG
s a valid criterion of blink reflex magnitude. Nevertheless, many
ther studies performed on striated muscles have produced con-
incing evidence that mechanical response properties are linearly
elated to integrated EMG activity. Under isometric conditions,
inear, or nearly linear, relationships have frequently been found
etween integrated EMG and dynamic or static response force (e.g.,
ronks and Brown, 1987; Lawrence and De Luca, 1983; Woods
nd Bigland-Ritchie, 1983). During rapid isometric contractions,
esponse force was determined by both the mean amplitude and
uration of EMG bursts (Bronks and Brown, 1987). But also dur-

ng anisometric, anisotonic contractions (which are mechanically
omparable to reflexive eyelid responses), linear relationships were

btained between integrated EMG and force or maximal velocity,
2’s ranging between .86 and .96 (Bouisset, 1973). Given these find-

ngs and many other results (e.g., De Luca, 1997; Gielen et al., 1985;
of, 1984), it may be assumed that integrated EMG can be used
s a standard for evaluating other EMG quantification methods,
logy 85 (2010) 299–305

such as peak amplitude of unsmoothed or smoothed rectified EMG.
Within other disciplines, like physiology or neurology, integrated
EMG is considered the undisputed standard measure for express-
ing the magnitude of dynamic EMG bursts like blink reflexes (see,
for example, Fig. 7 of Kimura et al., 1994). This is based on the
rationale that muscular contractions are determined by all acti-
vated motor units and not only by the unit, or subset of units,
that accidentally discharge(s) at the single moment at which the
EMG signal attains its instantaneous maximum. The surface EMG
signal is a stochastic signal, implying that the magnitude of an
EMG response can only be reliably quantified by averaging the sig-
nal over a certain epoch, that is, calculating the integrated EMG
response. Due to these random variations, the instantaneous peak
amplitude of the unsmoothed rectified blink reflex EMG burst will
be much more sensitive to random error than the integrated value
of the entire EMG burst. The implication is that a less reliable esti-
mation of the real blink reflex magnitude is obtained, leading to
larger within-subjects and between-subjects error components. As
a consequence, a smaller effect size may be expected in studies in
which the blink reflex is used as an index of psychological con-
structs (e.g., affective processes, attention, sensorimotor gating)
and a smaller reproducibility of results within and between dif-
ferent laboratories. For these reasons, using integrated EMG as a
measure of blink reflex magnitude can be recommended under all
circumstances, despite the predominance of peak amplitude mea-
surements in the recent literature as apparent from my survey.
Nevertheless, investigators may prefer continuing measuring peak
amplitude rather than measuring integrated EMG due to practi-
cal reasons such as available equipment or analysis programs or
compatibility with earlier studies. Also, peak amplitudes may be
measured to combine them with measurements of peak latency
(e.g., Braff et al., 1999; Meincke et al., 2005; Swerdlow et al., 1995).
When investigators for some reason prefer to use peak amplitude
as a measure of blink reflex magnitude, random error associated
with this measure can be substantially reduced, or perhaps com-
pletely eliminated, by adequately smoothing the rectified EMG
signal. It would therefore be important to investigate if there are
smoothing filters with outcomes equivalent to those of mathe-
matical integration. A systematic comparison between integrated
EMG and peak amplitude outcomes of different smoothing fil-
ters was therefore undertaken to identify the most appropriate
filters. The validity of this comparison is limited insofar as it is
presumed that processing of the raw EMG signal is accomplished
according to the recommendations presented by Blumenthal et al.
(2005).

Another issue related to blink reflex magnitude quantification
is whether integrated EMG or peak amplitude should be corrected
for the average EMG level during a short baseline period preced-
ing or immediately following eliciting-stimulus onset. From the 6
studies that measured integrated EMG, only one study performed
such a baseline correction. From the 94 studies that measured peak
amplitude, 56 studies performed a baseline correction whereas in
the other studies the absolute, uncorrected peak amplitude was
measured. To evaluate the influence of baseline EMG activity in
the current study, a comparison between peak amplitude and
integrated EMG was performed for both uncorrected and baseline-
corrected measures.

2. Method

2.1. Participants
The current analyses were applied on data that were collected in
an earlier study (van Boxtel et al., 1998). Acoustic or electric blink
reflexes were elicited in two different groups of 15 participants,
each consisting of healthy students and staff members of Tilburg
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niversity (mean ages being 25.3 and 20.3 years, respectively). The
ubjects were sitting upright on a chair behind a table in a sound-
roof cabin which was electrically shielded by a Faraday cage. They
ere looking through a window at an animated cartoon presented

n a computer monitor placed 95 cm in front of them outside the
araday cage. This cartoon was merely used as a filler task to control
he subjects’ behavior. They were requested to fixate their eyes on
small spot located in the center of the monitor.

.2. Stimulation and recording

In both stimulation conditions, 50 blink reflexes were elicited at
rregular intervals varying between 15 and 20 s with a mean dura-
ion of 17.5 s. In the acoustic condition, a broadband noise burst
ith an intensity of 95 dB(A), a duration of 50 ms, and a rise/fall

ime smaller than 1 ms was generated by means of a Soundblaster
6MultiCD (Creative Labs) in combination with an electronic gate
o suppress background noise and was presented binaurally via
eadphones (AKG, Model K100). Electrical blinks were elicited by
eans of an isolated stimulator (Devices, Model 2533) in series
ith a constant current unit (Grass, Model CCU-1). A rectangular

urrent wave of 0.1 ms duration was applied transcutaneously to
he supra-orbital branch of the trigeminal nerve in the right side
f the face via two Ag/AgCl electrodes (2 mm contact area diame-
er), the cathode being placed near the supra-orbital foramen and
he anode 2 cm above the cathode. Shock intensity was individually
djusted to obtain a clear R2 response and ranged between 12 and
0 mA.

Reflex EMG responses were recorded bipolarly from the inferior
rbital part of the right orbicularis oculi muscle using Ag/AgCl elec-
rodes (2 mm contact area diameter), one electrode being placed
ertically under the pupil in forward gaze and the other electrode
2 mm (center-to-center) lateral to the first one. The EMG sig-
al was amplified, band-pass filtered (Butterworth filters; −3-dB
igh-pass cutoff frequency at 0.4 Hz and attenuation rate 31 dB per
ctave; −3-dB low-pass cutoff frequency of 520 Hz and attenua-
ion rate 13.5 dB per octave), and digitized at a rate of 1000 Hz. The
igitized signal was stored during a 350-ms epoch, starting 150 ms
efore stimulus onset. These 350-ms data segments were stored in
contiguous data file on which all further processing operations
ere performed.

.3. Data analysis

Further band-pass filtering (28–500 Hz) was applied offline to
he stored raw EMG data using a low-pass and a high-pass ideal
requency response (unequal-weight) FIR filter with 1001 coeffi-
ients tapered with a Hamming window.2 This frequency range was
hosen for maximal removal of low-frequency and high-frequency
rtifacts while maximally retaining the true EMG signal (van Boxtel
t al., 1998; see also Blumenthal et al., 2005).

Following rectification, EMG signals were smoothed using dif-
erent low-pass filter types: (1) RC filters with a time constant of 5,
0, 20, 50, or 100 ms (corresponding to −3-dB low-pass cutoff fre-

uencies of 32, 16, 8, 3.2, and 1.6 Hz, respectively); (2) boxcar filters
veraging 5, 11, 21, 51, 101, or 201 data points (corresponding to
3-dB low-pass cutoff frequencies of 225, 90, 45, 18, 9, and 4.5 Hz,

espectively); (3) ideal frequency response (unequal-weight) FIR

2 Filters designed with a Hamming tapering window were used for bandpass-
ltering of raw blink EMG responses and for smoothing of rectified blink EMG
esponses. This window type results in a relatively narrow transition band and rel-
tively good suppression of ripple in passband and stopband (cf. Cook and Miller,
992; Nitschke et al., 1998). A general advantage of FIR-filters is that they do not

ntroduce frequency-dependent phase shifts in the input EMG signal and thus do
ot distort the signal.
logy 85 (2010) 299–305 301

filters with a low-pass cutoff frequency of 5, 10, 20, 30, 40, 50, or
60 Hz and 101 or 201 filter coefficients (except for the 5-Hz filter
which could only be implemented using 201 coefficients).

Unsmoothed rectified EMG activity was integrated within a
time window of 20–150 ms after stimulus onset for acoustic blink
reflexes and 25–150 ms for electrical blink reflexes. These time win-
dows were based on visual inspection of the raw EMG signals and
on normative data for response latency and duration in healthy
subjects which were collected in earlier studies (Ellrich and Hopf,
1996; Tackmann et al., 1982). The time window for analysis of the
electric blink reflex was started 5 ms later than that for acoustic
blinks to avoid influences of the electric R1 component (which has
onset and offset latencies ranging between 9 and 24 ms). Although
a time window terminating at 90 ms following stimulus onset will
be adequate for analysis of the acoustic blink and the electrical R2
component, a longer window extending to 150 ms after stimulus
onset (which conforms to the recommendations by Blumenthal et
al., 2005) was used to accommodate for the analysis of an electrical
R3 component or its acoustic counterpart. This late response com-
ponent occasionally occurs in some subjects, particularly following
strong electrical (Boelhouwer et al., 1991; Ellrich et al., 2001) or
acoustic stimuli (Brown et al., 1991; Meincke et al., 2005) and is
considered by some investigators as representing the real startle
response in orbicularis oculi (e.g., Brown et al., 1991; Ellrich and
Hopf, 1996). This component is not frequently observed because it
quickly habituates (Rossi et al., 1989) and is readily abolished under
the influence of attention to the eliciting stimulus (Ellrich and Hopf,
1996; Rossi et al., 1993).

Peak amplitudes of unsmoothed and smoothed rectified EMG
responses were determined within the same time windows as were
used for calculating integrated EMG responses. Peak amplitudes
were also corrected by subtracting the average EMG amplitude
(i.e., the mean rectified voltage) determined during a 50-ms base-
line period preceding stimulus onset. A similar correction was
performed for integrated EMG values (after transforming them
into mean rectified voltage to make them compatible with the
baseline amplitude metric). For each subject, uncorrected and
baseline-corrected peak amplitude values were correlated with
uncorrected and baseline-corrected integrated EMG values, respec-
tively. Within-subject correlations were transformed into Fisher’s
z values and averaged across subjects. Mean z values were trans-
formed into mean R2 values.

Based on visual inspection of band-pass filtered raw EMG data,
the data of two subjects in the acoustic stimulation condition were
removed due to absent reflex responses during 10 or more trials. In
the same condition, one subject had two and another one had five
trials with zero values. None of the other subjects in this condition
and the subjects in the electric condition did have trials with zero
values. Of all trials in the acoustic and electric conditions, 2.3 and
3.3% were deleted, respectively, due to the presence of spontaneous
blinks or voluntary dynamic contractions preceding or following
the blink response analysis window.

3. Results

The first important question is whether smoothing of the
rectified EMG signal improves the reliability of peak ampli-
tude as an estimate of integrated EMG. Peak amplitudes of
smoothed EMG responses showed almost without exception a
stronger relationship (R2) with integrated EMG than peak ampli-
tudes of unsmoothed EMG responses, both for uncorrected and

baseline-corrected values during acoustic and electric stimulation
conditions (Fig. 1).

The second question is which smoothing filters produce the
strongest relationship between peak amplitude and integrated
EMG. As can be seen in Fig. 1, both for acoustic and electric
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Fig. 1. Mean (±standard error) within-subjects relationship (R2) between (a) integrated blink reflex EMG responses and (b) peak amplitudes of unsmoothed (NS: no
smoothing) or smoothed rectified EMG responses using different smoothing filters: (1) RC filter with a time constant varying between 5 and 100 ms, the corresponding cutoff
frequencies varying between 32 and 1.6 Hz; (2) boxcar filter averaging from 5 to 201 data points, the corresponding cutoff frequencies varying between 225 and 4.5 Hz; (3)
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nequal-weight FIR filter with either 101 or 201 filter coefficients and a cutoff freq
nd baseline-corrected values of integrated EMG and peak amplitude.

eflexes, mean R2 generally increased when using (a) an RC filter
ith a longer time constant, (b) a boxcar filter averaging over a

arger number of data points (with the exception of 201 points),
nd (c) a FIR filter with a lower low-pass cutoff frequency, the
umber of filter coefficients (either 101 or 201) having no substan-
ial influence. During acoustic stimulation, both for uncorrected
nd baseline-corrected conditions, R2 was at least .95 when using
ither an RC filter with a time constant of 50 or 100 ms, a box-
ar filter averaging 51 or 101 data points, or a FIR filter with a
-Hz cutoff frequency (and 201 coefficients) or a 10-Hz cutoff fre-
uency (and 101 or 201 coefficients). Also for electric reflexes,
he output of these seven filters provided an almost perfect lin-

ar relationship with integrated EMG although the values of R2

ere systematically lower than in the acoustic condition, being
t least .90 for uncorrected values and .83 for baseline-corrected
alues.
varying between 5 and 60 Hz. Separate analyses were performed for uncorrected

Another question in this study is whether baseline correction
affects the reliability of peak amplitude as an estimate of inte-
grated EMG. As illustrated in Fig. 1, mean differences in R2 were
generally small but in some cases correlations were neverthe-
less significantly larger for uncorrected than for baseline-corrected
measures. During the acoustic stimulation condition, a t-test for
correlated samples revealed significantly larger Fisher’s z val-
ues for uncorrected measures when using either (a) an RC filter
with a time constant of 50 ms, t(12) = 2.45, p < .05, or 100 ms,
t(12) = 3.21, p < .01, (b) a boxcar filter averaging 51 data points,
t(12) = 2.68, p < .05, 101 data points, t(12) = 7.01, p < .001, or 201
data points, t(12) = 8.38, p < .001, or (c) a 5-Hz FIR filter with 210

coefficients, t(12) = 4.16, p < .01. During the electric stimulation con-
dition, significantly larger correlations were found for uncorrected
than for baseline-corrected values when EMG responses were
not smoothed, t(14) = 3.12, p < .01, or were smoothed using either
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has a very poor frequency precision, it seems thus an ideal solution
for the limited purpose of estimating integrated EMG activity.

The current results show that the same filters are optimal for
smoothing acoustic and electric blink reflexes, although R2’s in the

3 The time domain resolution principle also explains why an unequal-weight FIR
filter with a 2-Hz low-pass cutoff frequency – requiring at least 501 filter coefficients
given a sample frequency of 1000 Hz – appeared to be less effective than the tested 5
or 10-Hz filters. On the other hand, FIR filters with 51 or a smaller number of coeffi-
A. van Boxtel / Biological

a) an RC filter with a time constant of 5 ms, t(14) = 2.17, p < .05,
0 ms, t(14) = 2.21, p < .05, 50 ms, t(14) = 3.49, p < .01, or 100 ms,
(14) = 4.32, p < .001, or (b) a boxcar filter averaging 201 data points,
(14) = 9.34, p < .001. When considering the seven optimal filters

entioned above, R2 was in the acoustic condition on the average
98 and .97 for uncorrected and baseline-corrected values, respec-
ively. In the electric condition, these values were .91 and .88,
espectively, confirming that the overall effect of baseline correc-
ion was small.

. Discussion

This study was undertaken to evaluate the performance of dif-
erent filters for smoothing rectified blink reflex EMG signals using
he integrated EMG response as a criterion, assuming that inte-
rated EMG best represents the functional (i.e., kinematic) aspects
f the blink reflex. If a smoothing filter has an effect that peak ampli-
ude of rectified EMG approaches integrated EMG, such a filter may
e supposed to sufficiently reduce the random error component

nherent to peak amplitude to make it a useful alternative to inte-
rated EMG. Although integrated EMG theoretically remains the
ost reliable index of blink reflex EMG responses, some smoothing

lters may thus be considered to produce equivalent results.
The current analyses show that peak amplitude of smoothed

ectified EMG shows an almost perfect relationship with integrated
MG when using one of the seven specific filters recommended in
his study, irrespective of which filter is used. Apart from these
articular filters, the results suggest that in general a better per-
ormance (i.e., a more efficient estimation of the true blink reflex

agnitude) may be expected when using either (a) an RC filter with
longer time constant, (b) a boxcar filter averaging over a larger
umber of data points, or (c) a FIR filter with a lower low-pass cutoff

requency since these manipulations uniformly result in a system-
tic decrease in random error of peak amplitude as an estimate of
he compound motor unit activity throughout a blink reflex EMG
urst.

Nevertheless, the results also suggest that there is a restriction
o this rule. The effectiveness of a boxcar filter showed a seem-
ngly paradoxical decrease when the number of coefficients was
ncreased from 101 to 201 (this decrease was particularly strong

hen a correction was made for baseline activity but this more
omplicated situation will be discussed below). An explanation
s that filters with a larger number of coefficients have a smaller
esolution in the time domain (Cook and Miller, 1992). Practi-
ally, this means that the larger the number of coefficients, the
reater the probability that the output signal (and thus peak ampli-
ude) is influenced by potentials outside the blink response analysis
indow, such as preceding baseline activity or, in case of elec-

ric stimulation, the electric stimulation artifact and R1 potential.
he stronger such extraneous influences, the smaller will be the
orrelation between peak amplitude and integrated EMG. Given
sample frequency of 1000 Hz, peak amplitude estimates will be
uch less strongly influenced by adjacent potentials when using
boxcar filter with 101 coefficients than when using a filter with
01 coefficients. The reason is that in the former case, influences
f adjacent potentials are limited to an interval of 50 ms preceding
eak response (see Nitschke et al., 1998, p. 55) whereas acoustic
nd electric peak response latencies are usually a little longer than
0 ms so that disturbing effects of baseline activity or a large electric
timulation artifact on peak amplitude estimation are prohibited.
hen using a filter with 201 coefficients, peak amplitude estima-
ion is influenced by adjacent potentials within a 100-ms interval
receding peak response, including baseline activity, electric stim-
lation artifact, and R1 potential. The negative effect of increasing
he number of coefficients from 101 to 201 on filter performance
logy 85 (2010) 299–305 303

obviously did not occur for the FIR filter since R2’s did not system-
atically diminish when increasing the number of coefficients. This
can be explained by the fact that the impact of adjacent potentials
on blink reflex peak amplitude will be much smaller for (unequal-
weight) FIR filters than for (equal-weight) boxcar filters. The reason
is that all coefficients of a boxcar filter function have the same value
(weighting adjacent potentials as strongly as blink response poten-
tials) whereas a FIR filter function consists of a central main lobe
with relatively large filter coefficients surrounded by side lobes
with much smaller coefficients declining to zero when approaching
the extremes of the function. Using a FIR filter, adjacent potentials
will thus have a smaller effect on blink reflex peak amplitude esti-
mation than when using a boxcar filter because their contribution is
much less stronger weighted in the filter output signal.3 The influ-
ences from adjacent potentials in the time domain on blink reflex
peak amplitude estimates imply that the number of stored data
points should be proportional to the number of filter coefficients. If
an equal-weight or unequal-weight FIR filter has 2j + 1 coefficients,
at least j data points should precede and follow the signal epoch of
interest (see Cook and Miller, 1992, p. 367).

Although an RC filter with a time constant of 50 or 100 ms
appears to be more effective than RC filters with a shorter time
constant, the time domain resolution principle suggests that a time
constant longer than 100 ms may be less effective than shorter time
constants. However, the choice of the optimal time constant may be
more complicated when using an analog, rather than a digital, RC
filter. As demonstrated by Blumenthal (1994), increasing the time
constant of an analog RC filter attenuates the peak amplitude of the
output signal which may result in a failure to detect small responses
and, therefore, an overestimation of the proportion of participants
without a measurable blink reflex. This was one of Blumenthal’s
arguments to recommend using a time constant of 10 ms (see also
Blumenthal et al., 2005). However, in Blumenthal’s study, EMG
responses were rectified and analog filtered before they were dig-
itized. Digitizing low-amplitude signals using an analog-to-digital
converter with a limited resolution (e.g., a 12-bit converter) may
lead to poor detection of small peak responses as well as poor dis-
crimination between responses of different magnitude (see also
Blumenthal et al., 2005, p. 7). The current results show that such a
loss of sensitivity associated with using a long time constant does
not occur when digital filtering is applied following digitization
instead of preceding it.

It may seem remarkable that a simple boxcar filter with 51 or
101 coefficients appeared to be at least as effective as more sophis-
ticated unequal-weight FIR filters. However this is not surprising
given the fact that a boxcar filter attenuates all frequency com-
ponents except 0 Hz, the attenuation becoming stronger with an
increasing number of coefficients (Cook and Miller, 1992). This
means that with an increasing number of coefficients, the output
culminates in the dc level of the rectified signal, whereas the dc level
is proportional to the integrated EMG value. Although a boxcar filter
cients neither appeared to be more effective, nor were even less effective, than filters
with 101 or 201 coefficients. This can be explained by the fact that a smaller number
of coefficients is associated with a smaller resolution in the frequency domain (i.e.,
a wider transition band), and thus less effective removal of high-frequency com-
ponents representing random error. The results of these additional tests are not
reported in detail.
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ajority of cases were lower for electric reflexes. This difference
an be explained by preliminary potentials, such as the stimulation
rtifact and R1 component, which add random error to the esti-
ation of the R2 peak response. Recording electric blink reflexes

ontralaterally to the site of electrical stimulation might decrease
his error component because in that condition the R1 component
s avoided (although the stimulation artifact remains present).

It was also found that baseline correction, although being used
n the majority of studies surveyed, did not have substantial effects
ompared to uncorrected values (except in the case of using a box-
ar filter with 201 coefficients; see below). Both for acoustic and
lectric blink reflexes, correlations between peak amplitude and
ntegrated EMG were generally somewhat smaller with than with-
ut correction, but only for a subset of filters these differences were
ignificant, although also in these cases being small. The implicit
ssumption underlying baseline correction is that blink reflex mag-
itude is positively influenced by the level of sustained background
MG activity. For electrical blink reflex responses, it has indeed
een demonstrated that R1 and R2 components are increasingly
otentiated during sustained voluntary orbicularis oculi contrac-
ions of increasing strength (Jäncke et al., 1994; Sanes, 1984; Sanes
nd Ison, 1980). Subtracting baseline EMG activity from peak ampli-
ude and integrated EMG (expressed as mean rectified voltage)
ould at least partially compensate for the potentiating effect of

ustained contraction. Nevertheless, as this subtraction is similar
or both response magnitude measures, it may not be expected
o have a substantial influence on the correlation between the
wo measures. As a single exception, baseline correction led to
n exceptionally strong decrement in R2 when using a boxcar fil-
er with 201 coefficients. Using such a wide smoothing filter has
ot only as an effect that peak amplitude estimation is affected by
receding potentials (as was earlier explained) but, reversely, also
hat baseline activity estimation is influenced by the magnitude of
link reflex potentials. This additional random error component in
he two estimates makes their difference score also less reliable,
esulting in a much lower correlation between this score and the
ifference score calculated for integrated EMG and being responsi-
le for the strong decrement in R2 when using a boxcar filter with
01 coefficients.

I think that on the basis of these results it is difficult to draw a
efinite conclusion about the utility of baseline correction because
aseline potentials are not only determined by background EMG
ctivity but also by the noise of the recording system. Working in
n electrically shielded environment, the effect of noise was limited
n this study so that it is difficult to generalize the current results
egarding baseline correction to other environments.

In conclusion, the relationship between peak amplitude of
moothed rectified EMG and integrated EMG activity as indices of
he magnitude of acoustic or electric blink reflexes shows consid-
rable variability depending on the type of smoothing filter that is
pplied. However, when using specific filters (i.e., an RC filter with
time constant of 50 or 100 ms; a boxcar filter averaging 51 or

01 data points; or an unequal-weight FIR filter with either a 5-Hz
utoff frequency and 201 coefficients, or a 10-Hz cutoff frequency
n combination with 101 or 201 coefficients), an almost perfect
elationship between both response measures is achieved, inde-
endently of whether or not a correction is made for differences in
he level of baseline EMG activity.
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