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Cortical involvement in anticipatory postural reactions in man
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Abstract All movements are accompanied by postural
reactions which ensure that the balance of the body is main-
tained. It has not been resolved that to what extent the pri-
mary motor cortex and corticospinal tract are involved in
the control of these reactions. Here, we investigated the
contribution of the corticospinal tract to the activation of
the soleus (SOL) muscle in standing human subjects
(n = 10) in relation to voluntary heel raise, anticipatory pos-
tural activation of the soleus muscle when the subject
pulled a handle and to reflex activation of the soleus muscle
when the subject was suddenly pulled forward by an exter-
nal perturbation. SOL motor evoked potentials (MEPs)
elicited by transcranial magnetic stimulation (TMS)
increased significantly in relation to rest —75 ms prior to
the onset of EMG in the heel-raise and handle-pull tasks.
The short-latency facilitation of the soleus H-reflex evoked
by TMS increased similarly, suggesting that the increased
MERP size prior to movement was caused at least partly by
increased excitability of corticospinal tract cells with
monosynaptic projections to SOL motoneurones. Changes
in spinal motoneuronal excitability could be ruled out since
there was no significant increase of the SOL H-reflex until
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immediately prior to EMG onset for any of the tasks. Tibia-
lis anterior MEPs were unaltered prior to the onset of SOL
EMG activity in the handle-pull task, suggesting that the
MEP facilitation was specific for the SOL muscle. No sig-
nificant increase of the MEPs was observed prior to EMG
onset for the external perturbation. These data suggest that
the primary motor cortex is involved in activating the SOL
muscle as part of an anticipatory postural reaction.

Keywords Transcranial magnetic stimulation -
Postural control - Pyramidal tract

Introduction

Anticipatory postural reactions are necessary in order to
counteract the change in centre of gravity, when we make
an arm movement while standing (Belen’kii et al. 1967;
Cordo and Nashner 1982; Pal’tsev and El’ner 1967); one
example is whenever we try to open a heavy door by pull-
ing the handle towards us. Without anticipatory contrac-
tions in the lower extremity muscles, such as the triceps
surae, we would pull our body forward, rather than open the
door. These unconscious anticipatory postural reactions are
appropriately scaled movements, which precede the volun-
tary activation of the prime mover by some 20—40 ms, and
may be seen as early as 110 ms in the EMG from the triceps
surae muscle group following a starter signal when com-
pared to 120-130 ms for a voluntary activation of the same
muscle group (Cordo and Nashner 1982). The anticipatory
postural reactions are, on the other hand, slower than
long-loop stretch reflexes, which have latencies around
90-100 ms (Christensen et al. 2000). Evidence suggests
that the supplementary motor area is important for at least
the anticipatory postural reactions that take place in the
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contralateral arm during tasks, which involve loading or
unloading of one arm by the other (Massion et al. 1989;
Viallet et al. 1992). It has been suggested that the descend-
ing drive for these reactions comes from the contralateral
primary motor cortex, since the reactions are abolished or
greatly diminished in patients with hemiparesis of the
postural arm (Bennis et al. 1996; Palmer et al. 1996; Died-
richsen et al. 2005; Viallet et al. 1992) and transcranial
magnetic stimulation (TMS) over the contralateral, but not
the ipsilateral primary motor cortex, may delay the postural
reactions (Palmer et al. 1994; Taylor 2005). Furthermore, a
reduction in the short-interval intracortical inhibition (SICI)
of soleus MEPs is seen during postural activity when com-
pared to rest (Soto et al. 2006), which also indicates that
primary motor cortex may be involved in postural activity.
However, it cannot be fully excluded that subcortical mech-
anisms also contribute to these findings and the extent to
which the primary motor cortex contributes to the genera-
tion of the anticipatory reactions has, therefore, not been
fully clarified. The purpose of the present study was to
address this issue. We compared changes in soleus (SOL)
motor evoked potentials (MEPs) elicited by TMS with
changes in soleus H-reflexes prior to the onset of a volun-
tary activation of the soleus muscle (heel raise), an antici-
patory postural activation of the soleus muscle (handle pull)
or an external postural perturbation resulting in soleus acti-
vation (sudden forward pull). In two additional experi-
ments, we also investigated facilitation of soleus H-reflexes
using subthreshold TMS and changes in tibialis anterior
(TA) MEPs prior to the onset of EMG in the handle-pull
task.

Methods
Participants

The first experiment involving measurement of SOL
MEP’s and H-reflexes during three different motor tasks
(described in details below) were performed in ten healthy
subjects (three women, seven men; age range 23-39 years).
The second experiment involving measurement of TA
MEPs were performed in ten healthy subjects (four women,
six men; age range 21-32 years), The third experiment
involving sub-threshold TMS facilitation of SOL H-refl-
exes were performed in eight healthy men (age range
21-39 years). None of the subjects participated in more
than one of the experiments. All subjects gave their written
informed consent to the experimental procedures, which
were approved by the local ethics committee. The study
was performed in accordance with the declaration of
Helsinki. None of the subjects had any history of neurolog-
ical disease.
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Experimental procedures

Soleus MEPs following TMS and SOL H-reflexes evoked by
tibial nerve stimulation were measured in two otherwise iden-
tical sessions on separate days. In each experimental session,
measurements were obtained prior to and during three differ-
ent motor tasks: (1) heel raise, (2) voluntary pull of a handle
and (3) external perturbation (described in details below). All
three tasks involved activation of the ankle plantar flexors
either as part of a voluntary activation (heel raise), an antici-
patory postural reaction (pull of handle) or an external pertur-
bation. In all three tasks, the subject was standing in an
upright position on a force platform. Prior to the actual exper-
iment subjects were given 10-20 trials of each task to famil-
iarize them to the experimental procedure and to measure the
onset of SOL muscle activity (EMG onset). Trials with and
without stimulation (MEP or H-reflex) were randomly alter-
nated in all three motor tasks. Measurements were also
obtained in a control situation without movement. The control
measurements were randomly alternated with measurements
during movement. The subjects were warned that the subse-
quent measurement would not require any movement by two
warning signals in rapid succession. In the control measure-
ments, the subjects were instructed to stand upright, leaning
slightly forward with their hands on the bar (heel raise) or
holding the handle in front of them (handle-pull and external
perturbation). The stimuli were applied 3 s after the two
beeps. A total of 110 trials of each task were performed.

1. Heel raise

Subjects were asked to do voluntary heel raises using the
ankle plantar flexors. To exclude postural sway the subjects
were leaning slightly forward, with their hands placed on
the bar in front of them. The subjects were given an acous-
tic “ready” cue followed by a second acoustic “go” cue.
The “go” cue was delivered randomly at intervals of 4-7 s
in relation to the “ready” cue in order to prevent the sub-
jects from anticipating the exact time of the stimuli.

2. Handle pull

Subjects were asked to pull a handle towards them in
response to an acoustic cue, using mainly the biceps brachii
(BB) muscle. This also produced a burst of activity in the
SOL muscle. This pattern of EMG activity has previously
been described for the lateral gastrocnemius muscle (Fig. 2;
Cordo and Nashner 1982). The handle was attached to a
load of 6-8 kg depending on the subjects with the wire run-
ning through a winch system, which allowed the subjects to
pull the weight in one direction, and prevented the weight
from pulling in the other direction, when the subjects were
standing passively with the handle in their hand (Fig. 1). As
in the previous task, the subjects were given an acoustic
“ready” cue followed by an acoustic “go” cue in a random
manner at intervals of 4-7 s.
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a

Fig. 1 Experimental setup. Subjects were standing on a force platform
(a), holding the handle bar (), the bar was attached to a wire which
passed through a screen (¢), preventing visual feedback of the weight
(e), the wire was running through a release mechanism (d) allowing the
experimenter to perform unexpected perturbations where the subject
was pulled forward. A safety bar was placed in front of the subject for
security reasons (f)

3. External perturbation

Subjects were asked to stand with the handle in their hand

in front of them as in the previous task. An acoustic “ready”

cue was then given at random intervals (47 s) followed by
a Heel raise b Handle pull

1. Head position

2. Elbow joint

release of the weight by a custom-build release system
(Fig. 1). The system was designed to release the weight by
opening the winch system following a trigger pulse deliv-
ered from a personal computer. No acoustic cue were given
at the time of the weight release and a screen prevented the
subject from seeing the weight and the release system and
thereby preventing the use of acoustic or visual cues to
anticipate the time of the release. The subjects were
instructed to resist the forward pull of the body produced by
the drop of the weight, which therefore resulted in activa-
tion of both the BB and triceps surae muscles (Fig.2;
Cordo and Nashner 1982).

EMG measurements

Surface electrodes were used for recording of electromyo-
graphic activity (EMG). EMG activity was recorded from
the left TA muscle, the BB muscle of the left arm and the
SOL muscle of the left leg by nonpolarizable bipolar Ag—AgCl
electrodes (1 cm?, interelectrode distance 2 cm.) The ampli-
fied EMG signal was filtered (band-pass 25 Hz to 1 KHz)
and sampled at 2 KHz on a personal computer (using

C Perturbation

@ Forward

Flexion

3. Ankle joint

4. Filt. SOL EMG

5. Rect. SOL EMG

6. Filt.BB EMG

7. Rect.BB EMG

8. Ground force Fz

Fig. 2 Soleus and biceps brachii (BB) EMG and vertical ground reac-
tion force in relation to heel raise (a), handle pull (b) and external per-
turbation (c¢) in a single subject. The traces in a—c are from fop to
bottom: 1 the position of the head in the forward—backward plane, 2 the
elbow joint angle, 3 the ankle joint angle, 4 lowpass (10 Hz) filtered
(filt.) SOL EMG imposed on 5 the rectified (rect.) SOL EMG, 6 low-
pass (10 Hz) filtered (filt.) BB EMG imposed on 7 the BB rectified
EMG and 8 the vertical ground reaction force (Fz). The scales for the
different traces are given in the right part of the figure. Horizontal

- b
= ¢

Plantar flexion

0.2mV/0.035 mV

150 N

0.5 sec

dashed lines represents the base line for the filtered EMG. The scale for
the EMG traces (SOL and BB) are given for the filtered EMG
(0.035 mV) and for the rectified EMG (0.2 mV). Vertical dashed lines
represents EMG onset in all three motor tasks. For the heel-raise (a)
and handle-pull (b) tasks traces begin at the time of the “go” signal,
whereas for the perturbation task (c) the traces starts when the trigger
was delivered to the winch system. The onset latencies are 185, 165
and 200 ms for the heel-raise, handle-pull and perturbation tasks,
respectively. All traces are from one single trial
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Micro1401 and signal software from Cambridge Electronic
Design; Cambridge, England) for offline analysis.

The average delay between the acoustic “go” cue and the
EMG onset was obtained from 10 to 20 trials for each task
(heel-raise, handle-pull and external perturbation) in the
beginning of each experiment and is used during the exper-
iment to set different intervals of the stimulations in relation
to the “go” cue. For this purpose, the signal was rectified
and averaged. Identification of the EMG onset was done by
visual inspection of the averaged EMG traces at high reso-
Iution. EMG onset was taken as the time point where the
EMG signal increased more than twofold over the back-
ground noise.

During the actual experiment, the latency of EMG onset
in trials without stimulation was monitored in each task.
Following the experiments, the latency between the “go”
cue and the onset of EMG activity was measured in trials
without stimulation. To investigate whether any learning
effects took place over time, which could lead to improve-
ment in reaction times we compared the initial 10-20 reac-
tion times with the reaction times measured throughout the
three different tasks. No significant difference between the
two sets of reaction times was observed for the heel-raise
task (P=0.303) 183 +£8 versus 189 £ 10 ms, for the
handle-pull task (P =0.747) 157 £ 5 versus 161 & 6 ms
and for the perturbation task (P =0.946) 168 £ 8 versus
169 + 11 ms. In fact, some subjects became slightly slower
in the heel-raise and handle-pull tasks as the study pro-
gressed probably due to fatigue. It is our belief that the two
motor tasks (heel raise and handle pull) performed in this
study are movements performed in everyday life and, there-
fore, probably have been over-learned already.

M,, . recording

In the beginning of each experimental session, the maximal
M-wave (M,,,,) was elicited in the SOL muscle for normal-
isation of subsequent MEP and H-reflex recordings. M,
was elicited by electrical stimulation of the tibial nerve in
the popliteal fossa. In the experiment involving measure-
ment of TA MEPs, M,,,,, was elicited in the TA muscle for
normalisation of MEPs. M, ., in the TA was elicited by
electrical stimulation of the common peroneal nerve distal
to caput fibulae. The intensity of the stimulation in both
experiments was increased from a subliminal level until no
further increase in the peak-to-peak amplitude of the M-
wave was observed.

TMS
On the first experimental day, MEPs were elicited by TMS

over the right (contra-lateral) leg motor cortical area at the
hot spot for activation of SOL by a magnetic stimulator
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(Magstim 200, Magstim Company Ltd). A magnetic field
of maximum 2 T for 100 ps could be delivered through the
figure of eight coil (loop diameter, 9 cm; type no. 8106)
The MEPs were recorded from the soleus muscle via sur-
face electrodes. The hotspot was identified as the spot in
which the lowest intensity of magnetic stimulation was
required to evoke a MEP of 50 nV peak-to-peak amplitude
in at least three of five consecutive trials in the standing
subject without background EMG activity in the SOL mus-
cle. The coil was then fixed to the scalp using a custom-
build rigid plastic harness. The harness allowed the subject
to stand freely without the coil moving. The coil was ori-
ented and positioned with the handle pointing backwards.
The stimulation intensity was then adjusted to produce a
clear MEPs at rest. Stimulation intensity varied between
subjects from 80 to 100% of maximal stimulator output.
Based on the onset latencies for SOL EMG, TMS stimula-
tions were applied in a random fashion at different times
relative to EMG onset. Single pulses were delivered at con-
trol condition, —125, —100, —75, —50, —25, 0, 25, 50,
150 ms. Ten pulses were delivered at each time relative to
EMG onset. Each trial lasted 11 s allowing the subject to
return to normal position before the next stimulation was
applied. Recordings were monitored online, and the trial
was discarded if the subject failed to respond. An online
trend-plot of the amplitude of responses evoked in the con-
trol situation was used to check whether the control MEP
amplitude was held constant.

To investigate whether the observed premovement
increase of SOL MEPs was caused by a general arousal
effect or related to this specific muscle alone, we performed
a second experiment. The purpose of this experiment was to
investigate the modulation of TA MEPs in the handle-pull
task only. Since TA MEPs generally have a lower threshold
and reach larger maximal amplitudes than SOL MEPs, it is
usually not possible to obtain MEPs in the two muscles of a
similar size when using the same stimulus intensity (Morita
et al. 2000). We, therefore, chose to use lower stimulation
intensities to make a direct comparison of TA MEP ampli-
tudes to the observed premovement increase of SOL MEPs
in the handle-pull task. Stimulations were delivered in the
same fashion as in the main experiment with an intensity
that would elicit MEPs in the TA of around 5-6% of M,
in the control situation. We chose to time the stimulations
relative to SOL EMG onset, since no EMG was observed in
the TA muscle in this task. It was ensured in all trials in all
three tasks that there was no EMG activity in the soleus
muscle prior to the elicitation of the MEP.

H-reflex recordings

On the second experimental day, the same protocol as the
first day was used. Instead of MEPs, H-reflexes in the SOL
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muscle were elicited by stimulation of the tibial nerve in the
popliteal fossa. The cathode was a ball which was placed in
the distal part of the popliteal fossa and secured to the limb
by velcro-bands strapped around the leg just below the knee
joint. The anode was a plate which was placed just above
the knee and secured by the same velcro-bands. The peak-
to-peak amplitude of the H-reflex at rest was expressed
relative to M,,,.. The lowest intensity of stimulation that
produced an H-reflex of a similar size as the control MEP
obtained on the first experimental day was used. The pur-
pose of this was to make it possible to compare the size of
the H-reflexes and the MEPs at different time points relative
to EMG onset. The size of the control H-reflex was moni-
tored throughout the session to keep the size constant. At
each active trial two pulses were delivered. The first pulse
served as the test stimulus and was adjusted as described
above; the second pulse was elicited 50 ms after the first
pulse and served as a control stimulus. The intensity of this
pulse was adjusted to evoke a clear M-response. The con-
trol stimulus ensured that changes in the H-reflex prior to
the contraction could not be attributed to changes in the
efficiency of the stimulus or the recording conditions (i.e.
position of recording electrode). The control stimuli as well
as H-reflex amplitudes were monitored online during the
experiment, to ensure constant recording conditions. It was
ensured in all trials in all three tasks that there was no EMG
activity in the soleus muscle prior to the H-reflex elicita-
tion.

The effect of subthreshold TMS on SOL H-reflexes

Motor-evoked potentials reflect the direct and indirect
(transsynaptic) activation of corticospinal cells, which in
turn have both direct and indirect (via interneurones)
projections to the spinal motoneurones (Petersen et al.
2003). The size of the MEPs is, therefore, influenced by
excitability changes in corticospinal tract cells, cortical
interneurones, spinal interneurones and especially spinal
motoneurones (Nielsen et al. 1999). If TMS is decreased to
an intensity where it does not evoke an MEP, but still evoke
descending activity in direct and indirect projections to the
motoneuornes, it is possible to demonstrate the evoked
EPSPs and IPSPs in the spinal motoneurones with the use
of H-reflex testing (Nielsen et al. 1993; Nielsen et al. 1999;
Petersen et al. 2003). In this way, a time course of the effect
of TMS on the spinal motoneuronal excitability may be
obtained, where the earliest occurring facilitation may be
ascribed to activation of the fastest conducting corticospi-
nal tract cells with monosynaptic projections to the SOL
motoneurones (Nielsen et al. 1993). The size of this short-
latency facilitation has been shown in several studies to be
selectively sensitive to changes in the excitability of the
corticomotoneuronal cells, whereas changes in spinal

motoneuronal or interneuronal excitability has no effect
(Nielsen et al. 1993; 1995; Petersen et al. 1998; 2003). To
obtain further evidence of changes in corticospinal excit-
ability, we consequently also investigated the size of this
short-latency facilitation of the H-reflex prior to the onset
of the SOL EMG in the handle-pull task. First, we tested
the facilitation of the H-reflex using interstimulus intervals
between electrical nerve stimulation and TMS from —5 to
O ms in steps of 1 ms during a tonic-plantar flexion, the
negative values indicate that the conditioning stimulation
(TMS) was applied after the test stimulus (the H-reflex).
Since it is important to measure the facilitation within the
initial 0.5-1.0 ms after its onset to avoid contamination
from non-monosynaptic corticospinal pathways (Nielsen
etal. 1993), we then confirmed the onset of the short-
latency facilitation in interstimulus steps of 0.5 ms. An
interval within the initial 0.5-1.0 ms after the onset of facil-
itation was then used for the subsequent measurements in
relation to the handle-pull task. Measurements were made
at —125 and —75 ms prior to SOL EMG onset.

A minimum of ten conditioned and ten unconditioned
reflexes were averaged for each time point. The control H-
reflex size was maintained at around 20-25% of M,,,,,
where the H-reflex is most sensitive to changes in motoneu-
rone excitability (Crone et al. 1990). For the TMS stimula-
tion, an intensity corresponding to 95% of active-motor
threshold during the tonic-plantar flexion was used (Nielsen
et al. 1993). H-reflexes without and with TMS stimulation
(unconditioned and conditioned reflexes, respectively) were
delivered in a random fashion.

Kinematic analysis

Kinematic analysis of the movements at different joints was
obtained in all three tasks using the Qualisys motion cap-
ture system (Qualisys, Gothenburg, Sweden). Three infra-
red cameras were placed at different angles to the left of the
subject and reflecting markers were placed on (1) the base
of the fifth metatarsus, (2) the malleolus, (3) the head of the
fibula, (4) the crista iliaca, (5) the acromion, (6) the olecra-
non, (7) the processus styloideus ulnae and (8) in front of
the outer ear canal on the left side of the subject’s body.
The sampling rate was 120 Hz. The kinematic measure-
ments were synchronized with the EMG measurements by
the “go” cue (see above).

Force recordings

The vertical ground reaction force (Fz) was obtained using
an AMTI force platform (model nr. OR6-6-1000). The sig-
nal was feed through a MINI AMP Amplifier (AMTI) and
recorded with the EMG at 2 kHz on a personal computer
(using Micro1401 and signal v 3.09 software).
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Data analysis

The EMG data were analysed using Cambridge electronic
design (CED) software, signal v 3.09. For each stimulation
time point relative to EMG onset, an average of the peak-
to-peak amplitude of the MEP or H-reflex was produced.
The averages consisted of ten trials each. This amplitude
was then expressed as % of the maximal M-wave for that
subject.

Statistics

Statistical analysis was done using Sigmastat 2.03 (SPSS
Inc.). Before statistical comparison, all data sets were tested
for normal distribution by a Kolmogorov—Smirnov test. All
data are presented as mean + SEM unless reported other-
wise. Changes in EMG onset latency between muscles were
tested by Student’s ¢ test for pairwise comparison. Changes
in MEP and H-wave amplitudes between the different stim-
ulation time points in each task and differences between
tasks were investigated using one-way ANOVA tests for
repeated measurements with stimulation time relative to
EMG onset as a factor. Differences in MEP or H-reflex
amplitudes between the three tasks within each stimulation
time point were investigated using two-way ANOVA tests
with task and stimulation time as factors.

To investigate the differences between H-wave ampli-
tudes and TMS amplitudes within each task we used two-
way ANOVA tests on data normalized to control with stim-
ulation time relative to EMG onset and stimulation type
(i.e. TMS and H-reflex) as factors. Bonferroni correction
was used in all cases for multiple pairwise comparisons.

Results
Latency of EMG activity

Figure 2 shows kinematic and EMG recordings during the
three tasks for a single subject. In all three tasks, activation
of the plantar flexors and a subsequent increase in the
ground reaction force were seen. The onset latency of SOL
EMG (as indicated by the vertical lines) was shorter in the
handle-pull task (Fig. 2b; 165 ms) than in the other two
tasks (Fig. 2a, c; 185 and 200 ms, respectively). A similar
trend was observed in all subjects and when comparing the
average latencies for the population of subjects, a statisti-
cally significant difference was found in the latency of
SOL EMG between heel-raise and handle-pull tasks;
183 & 8 and 157 % 5 ms, respectively, Table 1, (P < 0.01).
In the external-perturbation task, the latency from the trig-
ger to the onset of SOL EMG was 168 £ 8 ms. Statistical
analysis revealed no significant difference between SOL
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Table 1 Summary of the onset latencies for soleus (SOL), biceps
bracii (BB) and ground reaction force (Fz) during the three different
tasks

Heel raise Handle pull Perturbation
SOL 183 £ 8 ms 157 £ 5 ms 168 + 8 ms
BB 215+ 11 ms 163 £ 17 ms
Fz 184 £ 11 ms 174 £ 5 ms 151 + 8 ms
RMS and SOL 100% 5+ 7% 69 £ 8%

RMS amplitude is expressed as % of RMS amplitude in the heel-raise
task

EMG onset in the perturbation task compared to the heel-
raise task (P = 0.260) or between the perturbation task and
handle-pull task (P =0.359). Most of the delay in SOL
EMG onset in the perturbation task is explained by the
opening of the winch system and the drop of the weight.
Furthermore, the latency for the BB EMG was
158 £ 17 ms. There was no significant difference
(P =0.662) between onset of BB EMG and SOL EMG in
the perturbation task. It is also seen from Fig. 2c that the
subject was not pulled forward until immediately prior to
the onset of the SOL EMG activity (forward movement
head; upper trace and elbow extension, second trace;
Fig. 2c). The forward pull caused an increase in the verti-
cal ground reaction force (bottom trace; Fig.2c) and a
stretch of the ankle plantar flexors immediately prior to the
EMG onset (third trace from above; Fig. 2c).

There was no BB EMG activity in the heel-raise task
(Fig. 2a), but it should be noted that the latency of the
BB EMG was longer than that of the SOL EMG in the
handle-pull task (Fig. 2b). For the population of subjects
this difference was statistically significant (215 4+ 11 and
157 £ 5 ms, respectively; P <0.01; Table 1). This finding
thus confirms the observation by Cordo and Nashner (1982)
that anticipatory postural reactions in the SOL muscle pre-
cedes the activation of the prime mover (the BB) in relation
to arm movements while standing.

Modulation of MEP and H-reflex amplitude

The modulation of the MEP in relation to the onset of SOL
EMG in the three tasks is shown for a single subject in
Fig. 3a—c. The size of the MEP was 3.5% of M,,,, in the
control situation. At —75 ms prior to onset of EMG a clear
increase of the MEP was observed for the heel-raise and
handle-pull tasks, but not for the external perturbation. At
EMG onset a clear increase was observed in all tasks. Simi-
lar observations were made in all subjects. The average
SOL control MEP sizes were 4.6 0.8, 4.8 +1 and
38£0.5% of M,,, in the heel-raise, handle-pull and
perturbation tasks, respectively. For the population of
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Fig. 3 Modulation of SOL MEPs in relation to the onset of SOL EMG
activity. a—c Data from a single subject. The traces are the average of
ten MEP’s recorded from the SOL muscle at three different stimulation
time points relative to EMG onset (control —75 and 0 ms). a Heel-raise
task, b handle-pull task, ¢ external-perturbation task. d The population
average of the MEPs recorded at each interval in relation to SOL EMG
onset. The amplitude of the MEPs is expressed as a percentage of
M,,..x- Measurements from the heel-raise, the handle-pull and the exter-
nal-perturbation tasks are shown as black, white and grey columns,
respectively. Mean + SE values (n = 10) are shown, *P < 0.05

subjects, a statistically significant increase of the MEP in
relation to the control MEP was observed in the heel-raise
task (F =6.209) and handle-pull task (F = 6.084). Pairwise
comparison revealed that there was a significant increase in
MEP amplitude at an interval of —75 ms prior to EMG
onset in the heel-raise (P =0.018) and handle-pull tasks
(P =0.015), but as can be seen from Fig. 3d a tendency for
an increase was observed already —125 ms prior to EMG
onset. A significant difference in MEP size relative to con-
trol (F =8.339) was also observed following the external
perturbation. However, the pairwise comparison revealed a
significant difference only at onset of EMG (0 ms) com-
pared to control. Comparison of the MEP measurements
prior to EMG onset in the three tasks revealed a significant
difference in the modulation (F = 2.121). Pair-wise compar-

isons revealed significant differences between the handle-
pull task and the perturbation task at —100 and —75 ms
before EMG onset (P = 0.024 and P = 0.020, respectively)
and between heel-raise and perturbation task at —75 ms
before EMG onset (P = 0.027). There was no statistically
significant difference of the MEP amplitude in the control
situation between the three tasks (P =0.93). It should be
noted that the MEP was of a similar amplitude in measure-
ments following EMG onset during the handle-pull task as
during the heel-raise task, although a significantly lower
amplitude of the background EMG activity was observed in
the handle-pull task than in the heel-raise task (P < 0.001;
see Table 1).

The size of the H-reflex was adjusted in the control situ-
ation to the same size as the MEP in the control situation,
The average control H-reflex sizes were 5.1 + 1, 5.1 + 0.8
and 5.0 = 1% of M, in the heel-raise, handle-pull and
perturbation tasks, respectively. No statistical difference
(P =0.991) between the control reflex sizes was found and
no statistical difference was found between control H-refl-
exes sizes and control MEPs at the two different test days
(P =0.19). Figure 4a—c shows the modulation of the H-
reflex in a single subject in the three tasks. A significant
difference in H-reflex amplitudes over stimulation time
prior to EMG onset were found in the heel-raise
(F=17.207), handle-pull (F=7.771) and perturbation
tasks (F =10.744). However, no clear change in the H-
reflex size is seen until around the time of the EMG onset
and pairwise comparisons revealed that an increase in the
H-reflex in relation to the control measurement was not
observed until —25 ms prior to the onset of EMG for all
three tasks (Fig. 4d; P < 0.05 for all three tasks). There was
a statistically significant difference in the modulation
between the three tasks (F = 2.221), but this difference was
only present at —25 ms before onset of EMG, where H-
reflex amplitude was significantly larger in the perturbation
task compared to the handle-pull task (P =0.004) and at
EMG onset where the heel-raise and perturbation tasks was
significantly different from the handle-pull task (P = 0.008
and P = 0.01, respectively).

When comparing the modulation of the MEP and the H-
reflex prior to the onset of EMG, a statistically significant
difference was observed for the heel-raise (F=7.974),
handle-pull (F =3.433) and external-perturbation tasks
(F =4.764) (Fig.5). The difference between the facilita-
tion of the MEP and H-reflex in the heel-raise and handle-
pull tasks became statistically significant —75 ms prior to
EMG onset (P =0.002 and P =0.01, respectively). How-
ever, a clear tendency for a difference was present already
at —125 and —100 ms prior to EMG onset in both tasks. In
the perturbation task, a difference was observed only at
—25 ms where H-reflexes were much larger than MEPs
(P=0.001).
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Fig. 4 Modulation of SOL H-reflexes in relation to onset of soleus
EMG activity. a—c Data from a single subject. The traces are the aver-
age of ten H-reflexes recorded from the SOL muscle at three different
stimulation time points relative to EMG onset (control —75 and 0 ms).
a Heel-raise task, b handle-pull task, ¢ external-perturbation task.
d The population average of the SOL H-reflexes recorded at each inter-
val in relation to soleus EMG onset. The amplitude of the H-reflexes is
expressed as a percentage of M, .. Measurements from the heel-raise,
the handle-pull and the external-perturbation tasks are shown as black,
white and grey columns, respectively. The scaling of a—c is different
than that of Fig.3a-c. Mean &+ SE values (n=10) are shown,
*P < 0.05

Modulation of TA MEPs

The modulation of TA MEPs is shown in Fig. 6. It is evi-
dent that the amplitude of the TA MEPs did not increase
during the handle-pull task (F =1.687). No statistical
difference (P = 0.106) between control and different stimu-
lation times relative to SOL EMG onset was observed.

The effect of subthreshold TMS on SOL H-reflexes
Figure 7a shows a typical time course of the effect of sub-

threshold TMS on soleus H-reflexes during tonic-plantar
flexion in a single subject. In this subject, the short-latency
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Fig. 5 Comparison between MEP (closed circles) and H-reflex ampli-
tudes (open circles) in the three different tasks. The size of both
responses is normalized to their respective size in the control measure-
ment without movement (and expressed as % of control). All data
points are the population average for each time point in relation to the
onset of EMG activity in the soleus muscle. a Heel-raise task, b han-
dle-pull task, ¢ perturbation task. The scaling of ¢ is different since
H-reflex amplitudes were larger in the pertubation task. Mean + SE
values are shown, *P < 0.05

facilitation had an onset at a conditioning-test interval of
—4.5 ms. A conditioning-test interval of 4 ms (indicated by
arrow) was then selected for the subsequent measurements
in relation to the handle-pull task. At this interval the facili-
tation is likely to selectively reflect activation of the fastest
conducting corticospinal cells with monosynaptic projec-
tions to the SOL motoneurones and to be selectively sensi-
tive to changes in their excitability (Nielsen et al. 1993;
Petersen et al. 2003). The onset of the facilitation varied
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Fig. 6 Modulation of TA MEP’s in relation to EMG onset in the SOL
muscle in the handle-pull task. The size of the MEPs is expressed as a
percentage of M, in the respective muscles. Population mean &= SE
(n = 10) values are shown

between —5 and —0.5 ms in the different subjects and in all
of them an interval within 0.5-1.0 ms after this onset was
selected for the measurements in relation to the handle-pull
task. Figure 7b shows the population average of the short-
latency facilitation at this interval at —125 and —75 ms prior
to EMG onset in the handle-pull task. The ANOVA test
revealed a significant difference among the different stimula-
tion time points (F = 8.117). Pairwise comparison between
the unconditioned H-reflex at —125 ms (22 &+ 4% of M,,,,)
and the conditioned H-reflex at —125ms (24 +=3% of
M,.,,) and the unconditioned H-reflex at —75 ms revealed
no statistical difference (22 + 4 and 24 £+ 4 of M, respec-
tively, P > 0.05), suggesting that there was no change in
spinal motoneuronal excitability at these intervals. The
conditioned reflex on the other hand increased significantly
at —75ms prior to EMG onset (33 +5% of M,
P <0.001) compared to the unconditioned H-reflex at
—125 ms, which indicates an increased excitability of the
fastest conducting corticospinal projections with monosyn-
aptic projections to the spinal motoneurones.

Discussion

We have demonstrated in this study that SOL MEPs evoked
by TMS begin to increase around —75 ms prior to EMG
onset in relation to both voluntary activation (i.e. heel raise)
and an anticipatory postural reaction (i.e. handle pull), but
not in relation to an external perturbation. SOL H-reflexes
were in contrast not increased until just prior to EMG onset
in all three tasks. The short-latency, presumed monosynap-
tic, corticospinal facilitation of the SOL H-reflex also
increased around —75 ms prior to the onset of SOL EMG
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Fig. 7 TMS conditioning of the SOL H-reflex during the handle-pull
task (a). Time course for the facilitation of the H-reflex in a typical sub-
ject using subthreshold (0.95 x MT) TMS during a tonic-plantar flex-
ion. In this subject, the short-latency facilitation is observed at an
interstimulus interval of —4 ms (arrow). The dashed line represents
the size of the control reflex. b The population average H-reflex size in
% of M, in the conditioned and unconditioned state at —125 and
—75 ms prior the EMG onset in SOL in the handle-pull task. At
—75 ms prior to EMG onset a clear facilitation of the H-reflex is
observed, mean £ SE (n = 8) values are shown **P < 0.01)

activity in the handle-pull task. These findings suggest that
the primary motor cortex is involved in anticipatory pos-
tural reactions.

Involvement of motor cortex in the initiation of anticipatory
postural reactions

The increase of the SOL MEPs and the short-latency TMS-

induced facilitation of the SOL H-reflex prior to the onset
of EMG in the voluntary heel-raise and the handle-pull
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tasks is similar to that observed prior to the onset of other
voluntary movements (Nielsen and Petersen 1992; Chen
et al. 1998; Schneider et al. 2004). This increase was not
caused by a general arousal reaction or by increased atten-
tion in relation to the “ready” cue, since no increase in TA
MEPs were observed in the handle-pull task and since the
increase in the SOL MEPs was not observed until —75 ms
before the onset of EMG activity. For both tasks, the
increased size of the SOL MEPs thus more likely reflect the
increased excitability of the corticospinal cells as they
become activated by inputs to the primary motor cortex
prior to the movement as also evidenced from the increase
of the short-latency TMS-induced facilitation of the SOL
H-reflex. This facilitation is in all likelihood caused by acti-
vation of corticospinal cells with direct monosynaptic pro-
jections to SOL motoneurones and its size selectively
reflects changes in the excitability of these corticospinal
cells (Nielsen et al. 1993).

Although the onset of discharge of corticospinal cells var-
ies considerably, most of the cells begin to discharge around
100 ms prior to onset of movement (Cheney and Fetz 1980),
thus not very different from the onset of the MEP facilitation
in this and other studies (Nielsen and Petersen 1992).

The increase of the H-reflex around 25-50 ms prior to the
onset of EMG activity in this and other studies (Nielsen and
Petersen 1992; Nielsen and Kagamihara 1993; Crone and
Nielsen 1989; Pierrot-Deseilligny et al. 1971) similarly refl-
ects at least partly the increased excitability of the spinal
motoneurones as they become activated by the descending
commands. The lack of increase of the MEPs prior to EMG
onset for the external perturbation and the similar onset times
for the facilitation of the H-reflex in all three tasks, is thus
evidence that the primary motor cortex and corticospinal
tract are only activated prior to the onset of EMG activity in
the heel-raise and handle-pull tasks, but, unsurprisingly, not
prior to the external perturbation. Although MEPs and H-
reflexes do not necessarily activate exactly the same popula-
tion of motoneurones (Nielsen et al. 1999), this is unlikely to
explain their different modulation prior to EMG onset.

It has been demonstrated that TMS activates spinal inter-
neurones and likely also other subcortical neurones, which
influence the size of the MEPs (Iles and Pisini 1992; Niel-
sen and Kagamihara 1993) and it could be argued that some
of the changes in the MEPs prior to the onset of contraction
are caused by changes in the excitability of such subcortical
neurones. We cannot fully exclude this possibility, since
control experiments demonstrating lack of modulation of
MEPs evoked by transmastoid stimulation of the cortico-
spinal tract (Ugawa et al. 1991) are not feasible in relation
to these postural tasks. However, based on the similarity
between the MEP modulation prior to EMG onset for the
handle pull and the heel raise there is no reason to assume a
different contribution from subcortical mechanisms in the
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two tasks. The increase of the short-latency facilitation of
the SOL H-reflex also provides evidence that the increase
of the MEP around —75 ms prior to EMG onset in the two
tasks was mainly due to increased cortical excitability. It,
therefore, seems reasonable to argue that the anticipatory
postural reaction in the SOL muscle involves the primary
motor cortex and the corticospinal tract to the same extent
as when the SOL muscle is used as the prime mover. The
findings are thus in line with the idea that the anticipatory
reactions (of the SOL muscle in the handle-pull task) are an
integrated part of the motor programme for the activation of
the prime mover (the TA muscle in the handle-pull task) as
has also been suggested in previous lesion and TMS studies
for other anticipatory postural reactions (Palmer et al. 1994;
1996; Bennis et al. 1996; Taylor 2005). Since anticipatory
postural reactions during a bimanual unloading task are
impaired in patients with lesions in the contralateral supple-
mentary motor cortex (Viallet et al. 1992), it seems likely
that this area and possibly also other circuitries are involved
in motor planning and hence responsible for ensuring the
activation of the leg area of the motor cortex shortly prior to
the activation of the arm area in the handle-pull task.
Whether the same population of corticospinal tract cells are
used for conveying the signal for the anticipatory postural
reaction and the signal for a voluntary movement involving
the SOL muscle as prime mover, is difficult to conclude
from the experiments in the present study, but the similar
behaviour of the MEPs in relation to the handle-pull and
heel-raise tasks suggests that this is a possibility.

SOL activation following external perturbation

It is not surprising that there were no changes in MEPs until
—25 ms prior to EMG onset in the external-perturbation
task. The subject had no way of anticipating the time of the
perturbation and also had no visual information about the
drop of the weight. Therefore, changes in cortical excitabil-
ity at earlier intervals would have been surprising. The acti-
vation of the SOL muscle thus must have been initiated as a
reaction to the forward pull of the body when the weight
was dropped. It is not possible from our data to make any
firm conclusions regarding the underlying mechanisms for
this. The forward movement of the head, elbow extension,
the increase in the vertical ground reaction force and the
stretch of the ankle plantar flexors evoked by the perturba-
tion all occurred around the time of the SOL EMG onset
(Fig. 2¢) and it was not possible from the delay to disclose
whether the activation was consistent with activation of
either the vestibular system or stretch reflexes. Since both
the H-reflex and MEP were facilitated at the same time in
relation to EMG activity in the external-perturbation task it
is also not possible to make any conclusions from that com-
parison of whether cortical mechanisms, possibly through
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long-loop transcortical reflexes (Christensen et al. 2000),
contributes to the activation of the muscle. The larger facil-
itation of the H-reflex in all three tasks just prior to and in
the beginning of the SOL activation may be an indication of
reduced presynaptic inhibition of the Ia afferents as has
been demonstrated in previous studies (Crone and Nielsen
1989; Nielsen and Kagamihara 1993). However, any firm
conclusions regarding this would require specific measure-
ment of presynaptic inhibition, which would be difficult to
achieve in the investigated tasks.

Functional interpretation

The findings in the study confirm the well-established feed-
forward nature of the anticipatory postural reactions and
emphasizes that they are an integrated part of the motor
programme controlling any voluntary movement that
require postural adjustments. By integrating the reactions
into the motor program at a stage before the activation of
primary motor cortex it is ensured that the activation of
muscles in different limbs are optimally coordinated and
that the anticipatory postural reaction is optimally scaled
and timed in relation to the activation of the prime mover.

Conclusion

We have found evidence that anticipatory postural reactions
involve a coordination of activity in arm and leg muscles at a
cortical level and that the motor cortex is in all likelihood
involved in the initiation of anticipatory postural reactions.
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