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Abstract We investigated to what extent subjects base
anticipatory activity patterns of trunk muscles before lift-
ing a load on knowledge of the inertial properties of the
load. Eight healthy male subjects performed rapid arm
lifts of a load with a varying center of mass position in the
frontal plane. In one set of trials subjects were familiar
with the center of mass position, in another set of trials
they were not. In both cases trunk extensor muscles were
active before the onset of lift force applied to the load. In
the trials with load knowledge this anticipatory activity
was specific with respect to center of mass position. In the
absence of load knowledge left and right extensor muscles
were equally active before the lift and the rate of lifting
was reduced. Thus anticipatory control of trunk muscles
appears specifically tuned to counteract the expected per-
turbation. In the absence of load knowledge trunk stiffness
is increased by bilateral activity and the perturbation is at-
tenuated since the rate of lifting is reduced.

Key words Postural control · Lifting · Balance ·
Anticipatory postural adjustments · Anticipatory muscle
activity · Motor control · Trunk muscles

Introduction

Neural and mechanical aspects of postural control are of-
ten studied by imposing perturbations to equilibrium.
Muscular activities in response to or in anticipation of
these perturbations have·been quantified (e.g. Nashner
1977; Zattara and Bouisset 1988) and interpreted in
terms of their role in maintaining or restoring equilibri-
um of the whole body over the base of support, or of a
body segment over a joint (e.g. Belen’kii et al. 1967;
Bouisset and Zattara 1987). Torque equilibrium of the
trunk over the lumbosacral joint connecting it to the pel-

vis can be considered crucial in this respect, in view of
the large mass of this segment (Cresswell et al.1994). In
fact, the trunk consists of a number of segments with a
low passive stiffness of the connecting joints. Thus equi-
librium has to be provided by the musculature not only
with respect to the pelvis but also at each of the interver-
tebral joints. Hence adequate coordination of the activity
of trunk muscles appears crucial in postural control. Giv-
en the delay in the neuromechanical chain it is not sur-
prising, therefore, that trunk muscle activation precedes
expected perturbations (Aruin and Latash1995; Cress-
well et al. 1994; Hodges and Richardson 1997; Lavender
et al. 1993; Zattara and Bouisset 1988).

The equilibrium perturbations used in previous stud-
ies of this anticipatory trunk muscle activation were of
various types. Timing of the perturbation can be deter-
mined by either the subject or the experimenter, with an
intermediate form in which the subject responds as fast
as possible to a cue provided by the experimenter or in
which a warning signal precedes the perturbation. The
force causing the perturbation can be external to the
body of the subject, for instance when a weight is
dropped into a box held by the subject (Lavender et al.
1993), or can be internal, i.e. caused by reaction forces
and moments and shifts of the upper body center of mass
associated with movements of, for instance, the arms
(Zattara and Bouisset 1988). It appears from the litera-
ture that patterns of trunk muscle activation depend on
the type of perturbation. Obviously, anticipatory activa-
tion can only be found when the perturbation is expect-
ed, i.e. when the perturbation is self-imposed or when a
warning signal is provided at a sufficient interval before
the perturbation (Cresswell et al. 1994; Lavender et al.
1989). Furthermore, it appears that, when an internal
perturbation follows, this anticipatory activation is direc-
tional in some trunk muscles (Aruin and Latash 1995). In
rapid extension of the arms, for instance, shoulder mus-
cle activity is preceded by activity of the rectus abdo-
minus muscle, whereas in rapid arm flexions the erector
spinae is activated first. Directional anticipatory activa-
tion can be considered both effective and efficient, since
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predominantly those muscles are recruited that can coun-
teract the moment resulting from the perturbation.

Lifting an object is a self-imposed perturbation to trunk
equilibrium of a mixed internal and external nature. The
subject usually fully determines the timing, but the me-
chanics of the perturbation are in part determined by ob-
ject characteristics such as mass and location of the center
of mass. When the mechanical nature of the perturbation
is unknown to the subject, as is often the case in lifting,
anticipatory co-activation of trunk muscles might be used
to increase trunk stiffness and thus effectively stabilize the
trunk (Gardner-Morse and Stokes 1998). However, since
co-activation is non-directional, stabilization occurs at the
cost of a higher overall muscle activity and is consequent-
ly less efficient. An alternative strategy for dealing with a
perturbation of unknown nature, available when the per-
turbation is self-imposed, is to reduce the rate of the per-
turbation, e.g. by performing a slower lift when load char-
acteristics are unknown (Butler et al. 1993).

In the present study, we manipulated the center of mass
of an object in the frontal plane to study the directionality
of anticipatory trunk muscle activation in a lifting task. In
one series of trials, subjects were aware of the center of
mass position, whereas in the other series they were not.
The aim was to see what the effect of this load knowledge
was on anticipatory trunk muscle activity. The manipula-
tions involve perturbations of trunk equilibrium consisting
of imposed combined flexion and lateral flexion moments.
Flexion moments are counteracted mainly by the erector
spinae muscle group (Lavender et al. 1992; McGill and
Norman 1986), with a smaller contribution of the lateral
part of the internal oblique muscle (McGill1996). Lateral
flexion is mainly resisted by unilateral activity of the
oblique abdominal muscles and the erector spinae muscle
group (Lavender et al. 1992; Seroussi and Pope 1987).

The following hypotheses were tested:

1. In lifting, which involves a flexing moment acting on
the trunk, the extensor muscles show more and earlier
anticipatory activity than the flexor muscles.

2. When a subject is aware of the location of the center
of mass, anticipatory activity of the trunk muscles is
directional, i.e. when the center of mass is displaced
to the left of the subject, the muscles of the right side
will be earlier and more strongly activated before lift-
off, and vice versa.

3. When a subject is unaware of the location of the cen-
ter of mass of the object, anticipatory activity will be
at a higher level than when load knowledge is avail-
able, but it will not be directional.

Methods

Subjects

Eight male subjects between 21 and 25 years of age [mean height
1.81 (SD 0.063) m; mean body mass 71 (SD 7) kg] participated in
the experiment. None of the subjects was or had been suffering
from low back trouble. All subjects signed informed consent
forms before participation.

Procedure

All procedures were approved by the local ethical committee. The
subject stood upright with the feet separated at about shoulder
width (Fig. 1). A box was placed 0.4 m in front of the line pass-
ing through his ankle joints, with the handles at waist level. The
subject was not able to see the box, which was placed behind a
black curtain hanging down to the level of the subject’s forearms.
Visual cues were provided as a warning and a movement stimu-
lus. The warning signal preceded the movement stimulus by 2 to
3 s. The subject was instructed to stand still while holding the
handles, but not lifting the box, after the warning signal, and to
lift the box by a few centimeters as fast as possible after the
movement stimulus. Motion was thus restricted to the arms. The
box was 1.2 m wide and divided into five compartments. The
handles were separated by 0.5 m. Weights were placed in one of
the five compartments to impose a net total moment about the
lumboscral joint of 70 Nm. The total mass lifted was 17.5 kg
when the weights were in the middle compartment (lever arm of
0.4 m) and 15.3 kg when the weights were in the outer right or
left compartments.

Before the experiment subjects performed three practice trials
for each position of the box’s center of mass. In the first set of tri-
als the position of the weights was randomly varied over the five
compartments. A total of 15 trials were performed. Measurements
were made during six trials: twice each with the weight in the
middle (C), outer right (R) and outer left (L) compartments. In·the
second set of trials the subjects were told the position of the
weights and for each position they performed six consecutive tri-
als, the last two of which were recorded. Again the middle, outer
right and outer left compartments were used. The order of these
positions was systematically varied between subjects.

Subjects performed seven tests derived from McGill (1991) to
determine the maximum EMG amplitude of the trunk muscles.
These tests were a sit-up and left and right sideways, prone and
supine suspension of the trunk with the legs fixed to a bench. Each
test was performed twice. Subjects were instructed to use maxi-
mum effort to resist the gravity on the trunk and additional manual
resistance provided by one of the experimenters.

Instrumentation

Surface-EMG recordings were made of selected trunk muscles using
bipolar disposable Ag-AgCl electrodes (Medi-Trace pellet electrodes
ECE 1801, lead-off area 1.0 cm2, inter-electrode distance 2.5 cm).
Signals were amplified 20 times (Porti-17, Twente Medical Systems,
input impedance >1012Ω, CMRR >90 dB), band-pass filtered
(10–300 Hz) and A–D converted (22bits) at 800 Hz. Activity was re-
corded of the following bilateral muscle pairs: longissimus thoracis
(LO: 3 cm lateral of the Ll spinous process), iliocostalis lumborum
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Fig. 1 Schematic overview of the experimental set-up



(IL: 6 cm lateral to the L2 spinous process), rectus abdominus
[RA: 2 cm lateral to the midline at the level of the anterior superior
iliac spine (ASIS)], anterior external oblique (EOA: umbilical level
above the ASIS), lateral external oblique (EOL: midway between the
iliac crest and the ribcage in the mid-axillary line), anterior internal
oblique (IOA: just cranial of the inguinal ligament), and lateral inter-
nal oblique (IOL: in the lumbar triangle).

A battery-fed pulse generator was used to provide a visual cue
to the subject and simultaneously provide a synchronization pulse
to synchronize the EMG data with the kinematic and kinetic data
(see below).

Braces with five reflective markers each were attached to the
trunk, pelvis, and thighs. In addition single reflective markers
were placed over the epicondyles of the left and right knees, the
lateral malleoli and the heads of the fifth metatarsal bones. Orien-
tations of the trunk, pelvis, and thighs were recorded in three di-
mensions and of the feet and lower legs in two dimensions at
60 Hz by means of an automatic video-based four-camera motion
analysis system (V1CON, Oxford Metrics Ltd).

The handles of the box were equipped with strain gauges to
measure the vertical and horizontal (fore–aft) forces exerted.
Throughout the experiment subjects were standing on a force-plat-
form (Kistler 9218B) to measure the ground reaction forces. All
forces were sampled by the motion analysis system at 60 Hz.

Data analysis

The vertical forces exerted on the box were used to determine the
beginning of the movement (onset of lift force). This was defined
as the point where the first derivative of the vertical force exceed-
ed the mean plus one standard deviation of the force rate in the pe-
riod in between the warning and the movement stimulus for at
least five subsequent samples. Reaction time was defined as the
period between the movement stimulus and the onset of lift force.
The force rate was defined as the mean of the first derivative of
the lift force from the onset of lift force until 0.5 s later.

EMG signals contaminated with ECG artifacts in the period
around the onset of lift force were discarded for onset determina-
tion. Furthermore, before quantitative analysis the episode contain-
ing the artifact was removed from the data. ECG contamination was
detected visually by inspection for characteristically shaped periodic
signals appearing in the EMG of several abdominal muscles at the
same instant. EMG data were full-wave rectified and normalized to
the maximum found for each muscle in both sets of the seven iso-
metric tests. The onset of muscle activity was visually determined
from the processed EMG signals as the first data point where the
rectified EMG clearly exceeded baseline levels. The lead time of the
EMG onset with respect to the onset of lift force was calculated.
Low-pass filtering of the rectified EMG data may lead to overesti-
mation of the lead time, whereas not using any filtering may cause
underestimation. In view of the difficulty of establishing EMG on-
sets in postural muscles, which usually show some background ac-
tivity before the actual burst of activity, the EMG data were low-
pass filtered (Butterworth, 4th order, 5 Hz cut-off, bi-directional ze-
ro phase-lag). However, to check whether anticipatory activity was
indeed present, mean EMG amplitudes as calculated from unfiltered
EMG data in the interval of 150 ms preceding the onset of lift force
(anticipation phase) were compared to the baseline values in the in-
terval between warning and movement stimulus (rest phase).

Trunk angles with respect to the pelvis and the net flexion and lat-
eral flexion moments were determined using a slightly modified ver-
sion of the linked segment model described by Kingma et al. (1996).

Statistics

Results of the two repeat trials were averaged before testing. A re-
peated measures ANOVA with two factors (load knowledge and
center of mass position) was used for reaction time, force rate,
trunk angular excursions and net moments. The muscles from
which EMG signals were recorded were grouped in four groups on
the basis of their mechanical function (Table 1). Results were aver-
aged within these groups for statistical analysis. A three-way re-
peated measures ANOVA (muscle group, load knowledge and cen-
ter of mass position) was performed on the EMG lead times. This
analysis was followed up by a four-way repeated measures AN-
OVA (phase [rest/anticipation], muscle group, load knowledge, and
center of mass position) performed on the anticipatory EMG ampli-
tudes. Finally the anticipatory EMG amplitudes of the left and right
trunk extensor muscles were further analyzed by a three-way anal-
ysis (muscle group, load knowledge, and center of mass position).
Violation of the sphericity assumption was tested for by Mauchly’s
test of sphericity. In all tests use of the F-statistic appeared appro-
priate. Results were considered significant at P<0.05.

Results

Reaction times, kinetics and kinematics

To illustrate the results a typical example of one subject
will first be presented for a lift with the subject knowing
that the center of mass was displaced to the right (Fig. 2).
The subject started to exert a vertical force on the handles
of the box 217 ms after the movement stimulus (Fig. 2a).
This caused a flexing (negative) and right (positive) lateral
flexing moment about the lumbosacral joint (Fig. 2b). No
measurable trunk rotations were caused by these moments.
But, as can be seen in the lower panel, these moments are
counteracted by small trunk rotations in the opposite direc-
tions, mainly into extension. These rotations occur from
about 250 ms after the onset of lift force (Fig. 2c).

In general, the reaction time tended to be somewhat
longer when subjects were unaware of the position of the
center of mass, with a mean value of 274 (106) ms com-
pared to the known condition with 231 (71) ms. This ef-
fect was not significant though (F1,7=3.8, P=0.09). The
reaction times were not affected by center of mass posi-
tion or the interaction of load knowledge and center of
mass position. The rate of lift force development was
significantly affected by load knowledge (F1,7=25.3,
P=0.002). When a load with a known center of mass po-
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Table 1 Grouping of muscles used in the statistical analysis
(l left, r right, IL iliocostalis, LO longissimus, IOL lateral part of
internal oblique, IOA anterior part of internal obluque, EOL lateral

part of external oblique, EOA anterior part of external oblique,
EOL lateral part of external oblique, RA rectus abdominus)

Muscle group Function Muscles

Left extensors (lE) Resisting flexion and right lateral flexion lIL lLO lIOL
Right extensors (rE) Resisting flexion and left lateral flexion rIL rLO rIOL
Left flexors (lF) Resisting extension and right lateral flexion lIOA lEOL lEOA lRA
Right flexors (rF) Resisting extension and left lateral flexion rIOA rEOL rEOA rRA



sition was lifted the mean rate of lifting was on average
268 (48) Ns–1 versus 225 (38) Ns–1 in the unknown con-
dition. The center of mass position also had a significant
effect on the force rate (F1,7=71.6, P=0.000). The highest
force rate was found when the center of mass was in po-
sition C, with a mean value of 317 (71) Ns–1 versus 211
(48) Ns–1 averaged over the positions L and R.

The magnitude of the perturbation caused by lifting
the box is expressed by the peak net moments acting at
the lumbosacral joint. These values have been listed in
Table 2. These moments were not significantly affected
by load knowledge.

The angular excursions of the trunk with respect to
the pelvis were in general very small (overall mean abso-
lute value for lateral flexion 2.3 (1.5) degrees and for
flexion/extension 4.6 (2.2) degrees). These angular ex-
cursions were not significantly affected by any of the ex-
perimental conditions.

EMG lead times and level of anticipatory muscle activity

To illustrate the EMG patterns found, some results for one
subject are presented in Fig. 3. With load knowledge avail-
able, the contralateral LO was activated before the onset of

the lift force, whereas the ipsilateral muscle remained more
or less inactive throughout the whole period (Fig. 3a). The
EOA muscles only show substantial activity after the onset
of lift force and activity is somewhat higher on the contra-
lateral side (Fig. 3b). Note that ECG contamination, which
is clearly visible in the EOA signals, was removed before
quantitative analysis; when it was present around the onset
of lift force the trials were discarded. In the unknown con-
dition both LO muscles were activated before the onset of
lift force and initially the level of activity was more or less
equal. However, the ipsilateral muscle was deactivated
shortly after the onset of lift force (Fig. 3c).

The activity of the RA muscles was left out of the anal-
ysis, as it was very low. In general extensor muscle activi-
ty appeared to start well before the onset of lift force as in-
dicated by positive lead times. The differences in lead
times between muscle groups were significant (F3,21 26.6,
P=0.000), with higher lead times in the extensor muscles
than in the flexor muscles [100.3 (59.7) ms versus 23.4
(11.2) ms]. lt is important to note that the three-way (mus-
cle group, knowledge, position) interaction was not signif-
icant (F6,42 1.4, P=0.245). Therefore it could not be con-
firmed that when loads with a known center of mass posi-
tion were lifted the contralateral muscle groups are acti-
vated earlier than in the ipsilateral muscle groups.
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Fig. 2 Typical example of the
kinematics and kinetics of an
asymmetric trial (R) with load
knowledge. A The onset of ver-
tical force on the box (dashed
vertical line) occurs at 217 ms
after the movement stimulus
(solid vertical line). B Coincid-
ing with the vertical force, a
right lateral flexing (dashed
line) and a flexing moment
(solid line) about the lumbosac-
ral joint occurred. C These mo-
ments did not cause a perturba-
tion of trunk position, as dem-
onstrated by the trunk angle
moving in opposite directions
[left lateral flexion (dashed
line) and extension (solid line)]

Table 2 Average values (stan-
dard deviations in parentheses)
of the peak net flexing and ab-
solute lateral flexing moments
during the symmetric (C) and
asymmetric lift (L+R). CM
Center of mass of load

Flexing moment (Nm) Absolute lateral flexing moment (Nm)

Unknown CM Known CM Unknown CM Known CM

Symmetric (C) 84(9) 83(9) 6(5) 6(7)
Asymmetric (L+R) 62(12) 64(9) 34(6) 31(7)
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Analysis of the EMG amplitudes confirmed the pres-
ence of anticipatory activity for the extensor muscles
(Fig. 4), but not for the flexor muscles. It was thus decid-
ed to further analyze only the extensor muscle data. This
analysis revealed that the anticipatory activity was high-
er in the contralateral muscles than in the ipsilateral mus-
cles when the subjects were aware of the position of the
center of mass (Fig. 5a). lt can also be seen that muscle
activity was no higher in the unknown condition (Fig. 5b)
than in the known condition. In contrast, the mean antici-
patory activity in the known condition across all exten-
sor muscles was 4.5 (4.4) % of maximum voluntary acti-
vation compared to 3.8 (3.1) % in the unknown condi-
tion (F1,7=6.9, P=0.034). These activity levels corre-
spond with 43% and 35%, respectively, of the activity
during the lift itself.

Fig. 3 Typical example of asymmetric lifts (L), with load knowl-
edge (A, B) and without load knowledge (C, D). The EMG activi-
ty of the contralateral extensors as illustrated by the longissimus
muscles (LO) (A, black tracing) increased before the onset of lift
force (vertical dashed lines) in the condition with load knowledge
(left). In this condition the ipsilateral longissimus muscle (A, gray
tracing) remained silent until after the onset of lift force. The inset
at the top shows the longissimus activity from 250 ms before until
250 ms after the onset of lift force. The flexor muscles as illustrat-
ed by the anterior external oblique (EOA) muscles remained silent
until after the onset of lift force. In the unknown condition (right),
both contralateral and ipsilateral extensor muscles were activated
before the onset of lift force. The flexor muscles again remained
silent until after the onset of lift force
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Discussion

This study extends previous findings on anticipatory
muscle activity before trunk equilibrium perturbations
due to rapid arm movements. The functional lifting task
used here differs from rapid arm movements in that the
mechanics of the perturbation are determined by exter-
nal factors and can thus remain unknown to the subject
before the lifting act. lt was hypothesized that when the
inertial characteristics of the load were unknown, the
subject would anticipate by showing increased trunk
stiffness and higher overall muscle activity than when
load characteristics were known. This has been shown
to occur when subjects prepare for an external perturba-
tion (Lavender et al. 1993). However, in our study sub-
jects appeared to deal with the unknown condition only
in part by increasing stiffness through bilateral anticipa-
tory muscle activity and in addition by reducing the rate
of the lift force. The latter would attenuate the perturba-
tion and allow for more feedback influence on the lift-
ing act. In all conditions the anticipatory muscle activity
can be considered direction-specific, as only the exten-
sor muscle groups counteracting the flexing moment as-
sociated with lifting were active at an increased level
before the lift. The use of surface EMG may have led to
a slight overestimation of this difference between exten-
sor and flexor muscles. The subcutaneous layer is gen-
erally thicker over the abdominal muscles, causing a
lower signal-to-noise ratio. However, this finding is in
line with previous studies of rapid arm extension and
flexion that were in part done using intramuscular EMG
(Aruin and Latash 1995; Hodges and Richardson 1997).
In addition, in the condition where subjects were aware

of the load characteristics, the muscles counteracting the
expected lateral flexing moment were also activated
preferentially. Although we could not confirm that the
contralateral muscles were activated earlier than the ip-
silateral muscles, their level of activity was found to be
higher. This finding is thus in line with the findings of
Zattara and Bouisset (1988), who showed that the con-
tralateral trunk muscles were activated earlier in unilat-
eral arm movements than the ipsilateral trunk muscles.
Control of the trunk muscles apparently incorporates
available knowledge of load characteristics in the pro-
gramming of the movement-related postural control in a
feed-forward manner. This may imply a risk when load
characteristics are variable. For instance, when an unex-
pectedly light load is lifted perturbations to whole-body
equilibrium and unnecessarily high loading of the spine
may occur (Commissaris and Toussaint 1997; Toussaint
et al. 1998).

Anticipatory activity of the trunk muscles seems re-
quired to maintain trunk equilibrium, as the electrome-
chanical delay of these muscles is more than 100 ms
(Dieën et al. 1991). Thus relying on stretch reflexes, for
instance, might involve substantial postural perturbations
and consequently high muscle forces to restore balance
(Lavender and Marras 1995). In view of the high inertia
of the trunk, excessive rotations at a segmental level (i.e.
concerning one or several vertebrae without major angu-
lar excursion of the whole trunk) are even more likely to
occur when there is insufficient muscular stabilization
(Panjabi 1992). Such rotations in combination with the
considerable compression forces imposed by a lifting
task may cause injury to ligaments or intervertebral discs
(Adams and Hutton 1982; Shirazi-Adl 1989).

Fig. 4 EMG amplitudes normalized to the maximum voluntary
activation level of the four muscle groups (LE left extensors, RE
right extensors, LF left flexors, RF right flexors) during the 150 ms
preceding the onset of lift force (black) and during the period bet-
ween warning and movement stimulus (white). The bars indicate
the standard deviation

Fig. 5 Anticipatory EMG amplitudes normalized to the maximum
voluntary activation level of the right extensor muscle group
(gray) and the left extensor muscle group (black) at each of the
three positions of the center of mass (CM) of the load to be lifted
(R right, C center, L left) in the condition with known CM position
(A) and in the condition with unknown CM position (B)



matic detection (Walter 1984). We believe that, whenev-
er possible, findings based on onset detection from sur-
face EMG should be corroborated by independent pa-
rameters. In the present study, a comparison of the EMG
amplitude at rest and the anticipatory amplitude (as cal-
culated over a fixed time interval) was used to this end.
These parameters appeared fairly reliable, as evidenced
by intra-class correlations across the two tests performed
by each subject of 0.78 and 0.73 for these parameters. In
contrast the intra-class coefficient of correlation of the
EMG lead times was only 0.34.

All EMG data were analyzed as averages of function-
ally related muscle groups. This circumvents the prob-
lem of cross-talk in the interpretation of surface EMG re-
sults. Though small differences were present between re-
sults for muscles within one group, this approach is be-
lieved to affect the fidelity of the results presented posi-
tively.
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The reaction time, determined as the time between the
onset of lift force and the beginning of the movement
stimulus, was about 250 ms, which is similar to values
previously published for activities involving a large mus-
cle mass responding to visual stimuli (Kroll 1974). The
trunk extensor muscles appeared to be activated about
150 ms after the movement stimulus. The level of antici-
patory activity was in general quite substantial when
compared to the activity level during lifting (about 40%).
When load knowledge was available, and even when this
was not the case, this anticipatory trunk muscle activa-
tion appeared to be sufficient for substantial angular ex-
cursions of the trunk to be avoided immediately after the
onset of lift force.

The presence of anticipatory activity was confirmed
by two methods: determination of the lead time of EMG
onset with respect to the onset of lift force and compar-
ing EMG activity just before the onset of lift force to a
baseline EMG value during quiet standing. The latter
comparison was added in view of the uncertainties in-
volved in determining EMG onsets. This problem merits
some further discussion. In a recent paper, Hodges and
Bui (1996) recommended using computerized onset de-
tection based on statistical criteria after bi-directional
low-pass filtering with a cut-off frequency of not less
than 50 Hz. They argued correctly that further (bi-direc-
tional) low-pass filtering would cause a substantial artifi-
cial left shift of the EMG-onset (Fig. 6). However, when
baseline activity is present, this method causes a right
shift of the onset, especially when the EMG does not rise
instantaneously to its peak value, as was the case in the
present experiments. Baseline activity could be reduced
by giving the subject feedback on EMG activity detected
during the rest period preceding the test, as was done by
Hodges and Richardson (1997). However, this might in-
fluence the motor control strategy in the subsequent test
and was thus deemed undesirable in the present study.
When there is substantial background activity, visual de-
tection of EMG onsets seems more reliable than auto-

Fig. 6 Onset determination in an EMG signal simulated with a
model comparable to that described by Hermens et al. (1992). The
true onset of the burst is at time = 0, the rise time of the EMG am-
plitude is 50 ms, and background activity during baseline activity
was 35% of the activity during the burst. The smooth line is the
5 Hz low-pass filtered signal. The light dots indicate the onset, de-
termined automatically from the filtered signal for different base-
line segments. The light vertical line marked F indicates the visu-
ally determined onset in the filtered signal. The dark dots and the
dark vertical line marked UF indicate the onsets determined auto-
matically and visually, respectively, from the unfiltered signal
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