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Introduction

The stimulation of the motor cortex using transcranial
magnetic stimulation (TMS) allows for a non-invasive,
painless and safe assessment of human central and pe-
ripheral motor pathways [19, 36].Voluntary contraction
of a target muscle at the time of the stimulation facili-
tates the motor evoked potential (MEP) compared with
the resting state. This facilitation is represented by a sig-
nificant increase of the MEP amplitude, shortening of
the MEP latency, and a decrease of the stimulation
threshold [3, 8, 27, 37, 42, 44]. Besides the voluntary con-

traction of a target muscle, a facilitation of the MEP can
also be achieved by other maneuvers such as activation
of the contralateral limb, or even by imaging or observ-
ing a movement [22].

In clinical practice,a voluntary contraction of the tar-
get muscle is the most commonly applied technique
during MEP assessment to facilitate responses.However,
the relationship between the strength of voluntary con-
traction of the target muscle and the effect of MEP facil-
itation is complex and is influenced at both spinal-seg-
mental and supraspinal levels [14, 24, 37]. The different
neuronal mechanisms, which are assumed to influence
the facilitation,have been extensively addressed in prox-
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■ Abstract Objectives To improve
the diagnosis of damaged spinal
motor pathways in incomplete
spinal cord injury (iSCI) by assess-
ing the facilitation of lower limbs
motor evoked potentials (MEP).
Methods Control subjects (n = 12)
and iSCI patients (n = 21) per-
formed static and dynamic isomet-
ric foot dorsiflexions. MEPs in-
duced by transcranial magnetic
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stimulation and EMG background
of tibialis anterior muscle (TA)
were analyzed. Static and dynamic
muscle activation was performed at
comparable levels of maximal vol-
untary contraction (MVC). The
influence of the motor tasks on the
excitability and facilitation of
MEPs was compared between
controls and iSCI patients. Results
In the controls an increased facili-
tation of TA MEP at lower levels of
dynamic compared with static
activation (10–20 % MVC) could be
shown. At matched EMG back-
ground level the MEP responses
were significantly increased. In the
iSCI patients at a comparable level
of TA activation the MEP responses
were significantly reduced and 3
different patterns of MEP re-
sponses could be distinguished: i)
preserved increment of TA MEP in
the dynamic motor task, ii) un-

changed MEP size in the dynamic
and static motor task, and iii) elic-
itable MEPs in the dynamic motor
task, which were abolished in the
static motor task. Conclusions Sta-
tic and dynamic motor tasks have
different effects on TA MEP facili-
tation. The task-dependent modu-
lation of TA MEPs is comparable to
that described for upper limb mus-
cles. Complementary to the MEP
delay this approach allows for an
estimation of the severity of spinal
tract damage. The task-dependent
modulation of TA MEPs is an addi-
tional diagnostic tool to improve
the assessment and monitoring of
motor function in iSCI.

■ Key words transcranial
magnetic stimulation · task-
dependent facilitation · tibialis
anterior · spinal cord injury
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imal and distal upper limb muscles [13, 35]. During sim-
ple movements of proximal upper limb muscles (deltoid
muscle) increased MEP amplitudes during dynamic
contractions were found, while the distal hand muscles
did not show a comparable facilitation [1]. However,
during a precision grip in contrast to a power grip (at
similar background EMG level) a task-dependent facili-
tation in intrinsic hand muscles occurs [16]. A task-de-
pendent MEP facilitation could also be demonstrated in
movements using both task specific and unspecific acti-
vation of distal and proximal upper limb muscles with
an enhanced supraspinal control during a precision task
in contrast to a postural activation [39].According to an-
imal studies the different input-output relations depend
on the amount and distribution of direct cortico-mo-
toneuronal (CM) connections to upper limb muscles.
The density of cortico-motoneuronal connections is as-
sumed to decline from distal to proximal muscles [33].
In the lower limbs for the tibialis anterior (TA) muscle a
similar amount of CM connections can be assumed [2,
26, 32]. In spinal lesions the assessment of MEPs focuses
on the preserved excitability and the delay of the MEP
response. As the MEP amplitudes are highly variable
they are of minor diagnostic value compared with the
MEP latencies. However, it can be assumed that besides
the delay of the MEP,changes in the MEP facilitation due
to impaired spinal conductivity also occur. Therefore,
the evaluation of MEP facilitation in iSCI patients could
be a valuable diagnostic tool in assessing spinal motor
pathways.

The present study focuses on the task-dependent fa-
cilitation of the TA by performing an isometric dorsi-
flexion of the foot during two different motor tasks: a
controlled static versus a dynamic muscle activation.
The aim of the study was: 1) to provide a paradigm that
allows for the disclosure of different levels of lower limb
muscle facilitation, and 2) to evaluate in iSCI patients if
changes of task-dependent facilitation can be applied to
expose different extents of spinal motor pathway im-
pairment.

Methods

■ Control subjects and patients

The study was performed on 12 healthy volunteers (4 women, 8 men,
mean age 26.8 years, range 20–31) and 21 patients with iSCI (8
women, 13 men, mean age 53.1 years, range 16–81). Exclusion criteria
for participation in the experiment were cardiac pacemakers, neuro-
logical diseases and implanted ferromagnetic cranial devices. The
neurological classification of the patients was performed according to
the American Spinal Injuries Association (ASIA) [30].All patients had
a chronic iSCI (average 28.8 months after the spinal cord injury) and
suffered from lower limb weakness due to spinal cord injury. The TA
motor impairment was scored by a manual muscle test. The muscle
force was scored from M0 (no contractile activity can be felt in the
gravity eliminated position) to M5 (patient can hold the position
against maximum resistance and through complete range of motion)

and reached a mean of M4.1 (range of M2 – M5) in the patient group.
15 patients had a medical cause of the spinal cord injury, while 6 pa-
tients had a traumatic etiology.

The study was approved by the local Ethics Committee of the Uni-
versity Hospital Balgrist and was performed in accordance with the
Declaration of Helsinki. All patients and controls were instructed
about the aims of the study and gave written informed consent.

■ Motor tasks

To achieve comparable inter-individual levels of activation, both mo-
tor tasks were performed using pre-defined levels of individual max-
imal voluntary contraction (MVC). MVC for each subject was deter-
mined by 4–6 times recording the torque of maximal voluntary foot
dorsiflexion. The average of these values was used in the following
measurements as the individual 100 % MVC. In the control subjects a
recruitment curve of the influence of force generation was achieved
by the performance of both motor tasks at 10, 20, 40 and 60 % of MVC.
Five recordings were performed at each contraction level and motor
task. In the iSCI patients, based on the findings of the control subjects
MEP facilitation was studied at 20 % MVC.

■ Static motor task

The control subjects and patients were asked to perform an isometric
static (i. e. an isometric-isotonic) contraction. The investigator had
visual feedback about the actual force generation and gave instruc-
tions to the subject as to whether to reach or keep the required level
of contraction. After the required contraction level was kept for a pe-
riod of 2–4 sec, a transcranial magnetic stimulus was applied. The
subject relaxed the target muscle after each magnetic stimulation.
Five recordings were made for each contraction level, with a break be-
tween each maneuver.

■ Dynamic motor task

For the dynamic motor task the subjects executed a continuously in-
creasing isometric (non-isotonic) contraction. The subject and the
examiner had visual control of the actual contraction level (torque)
by using an oscilloscope in front of the subject. Subjects were in-
structed to perform a smooth ramp contraction and the slope of the
torque increment was recorded. This procedure allowed for the per-
formance of comparable increments of force with a mean of 2.88 ± 1.2
Nm/s. A computer automatically triggered the transcranial magnetic
stimulus when the required force level was achieved. The recordings
and the trials corresponded to those of the static motor task.

■ Assessment of force generation

During the experiments, control subjects and patients lay in a supine
position on an examination table. The torque of the upper ankle joint
was assessed by a custom-built device, with the foot fixed in a slightly
extended position (ankle joint angle of 105°). The device was fixed to
the frame of the examination table.A ball joint with 3 degrees of free-
dom allowed a comfortable adjustment of the subject’s foot, but pre-
vented any movement at the ankle joint and any influence of the
weigth of the lower limb on the torque measurement. A cushion was
positioned under the subject’s lower leg (calf), thus the foot was hang-
ing freely and the weight of the lower limb could not influence the
torque measurement. The position of the lower leg and of the foot
were not changed during the whole experiment. To prevent any con-
traction of proximal muscles, such as the hip-flexors, the lower leg
was firmly attached to the underlying cushion and movements of the
hip and the whole body were restricted. Thus the subject was able to
perform an isolated isometric foot dorsiflexion movement in the two
motor-tasks.
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■ Transcranial magnetic stimulation

A single pulse transcranial magnetic stimulation (TMS) was per-
formed using a MagPro-Magnetic-Stimulator (DANTEC Medical A/S,
Skovlunde, Denmark). For all measurements, a circular coil (diame-
ter of 120 mm) was used. The coil position for stimulation of the TA
was circa 4 cm rostral of Cz (Vertex). The duration of the biphasic
transcranial single-pulse stimuli amounted to 200 µs. The individual
coil placement and stimulation threshold were identified for each
subject at the beginning of the measurements. The optimal position
and TMS threshold for evoking TA MEP was determined during a sta-
tic muscle contraction at 10 % of MVC. The stimulation strength was
kept constant during the whole experiment.

■ EMG recordings and analysis

For the EMG recordings, silver/silver-chloride-surface electrodes
with an inter-electrode distance of 2 cm, which were attached in the
middle of TA and soleus muscle (SO), were used. All measurement
data were saved on a hard disk for offline analysis. The data were an-
alyzed by using Soleasy software (Alea Solutions, Zürich, Switzer-
land). The raw EMG-signals of the TA and SO muscles were rectified,
amplified and filtered. The analyzed EMG was offset to zero. The sam-
ple frequency of the measurement was 2000 Hz and the EMG-ampli-
fication was set at 2000. The EMG signals were filtered with bandpass
at 30 Hz to 1 kHz and recorded with a time window of 500 ms. The
level of background EMG was evaluated by the calculation of the root
mean square-values (RMS) of the TA muscle over a time window of
200 ms preceding the TMS-trigger [38].

■ MEP analysis

Several parameters were calculated to quantify the MEP responses.
The MEP response was determined by calculating the RMS values
over a time window of 20 ms from the onset of the rectified MEP [17].
MEP responses of the TA were accepted for further analysis when the
MEP amplitude was at least 50µV above background EMG and were
followed by a silent period. By the subtraction of the background
EMG from the total MEP the net MEP size was calculated. The MEP
latency was determined from the TMS trigger to the onset of the MEP
response.

■ Statistical procedures

The statistical analysis of the subjects’ data was performed using SAS
Systems software (SAS Institute Inc., Cary, NC, USA). Repeated mea-
sures analysis of variance with two levels of the between-conditions
factor (static versus dynamic) and four levels of the within-conditions
factor (contraction levels of 10 %, 20 %, 40 % and 60 % of MVC) and
their interaction were used. The co-variance structure of the model
was chosen using Akaike’s Information Criterion and Schwarz’s
Bayesian Criterion.

Pair-wise comparisons were made between congruent contrac-
tion levels of the two conditions and between the contraction levels
within the same condition. Since four comparisons were performed,
α was set at 0.05/4 = 0.0125.

To determine whether the difference in the net MEP between the
static and dynamic conditions were different from zero for each con-
traction level, repeated measures ANOVA were performed. There was
only one factor (level of contraction) with four levels (10 %,20 %,40 %
and 60 %) with correction for multiple comparisons using Bonfer-
roni’s correction (α was set at 0.05).

The patients’ data were analyzed using the analysis of variance,
with again two levels of the between-condition factors (dynamic
versus static) and the Bonferroni’s correction. α was set at 0.05.

Results

■ Control subjects

■ Background EMG level

Repeated measures ANOVA found significant differ-
ences of the background EMG level between the static
and dynamic conditions (10 % and 20 % levels
P = 0.0002; 40 % and 60 % levels P < 0.0001). The back-
ground EMG during the dynamic contraction was 25 %
to 38 % larger than during static contraction throughout
all contraction levels. No significant differences were
found when comparing the increment of background
EMG activity at the different levels of contraction
(F[3,21] = 0.91; P = 0.45).

■ Facilitation of MEP response

The net MEP responses were significantly different be-
tween the two conditions (F[1,8] = 9.15; P = 0.0164) and
between the contraction levels (F[3,24] = 17.23; P
< 0.0001). The interaction was just not significant
(F[3,23] = 2.96; P = 0.0535).

Within the static condition, the net MEP responses
did not differ between the 10 % and 20 % (P = 0.54) and
40 % and 60 % (P = 0.96) contraction levels. Some trend
towards significant difference was found between the
10 % and 40 % (P = 0.02) and the 10 % and 60 %
(P = 0.02).

Within the dynamic condition, a clear difference was
found between the 10 % and 40 % (P = 0.0068), the 10 %
and 60 % (P < 0.0001), the 20 % and 40 % (P = 0.0039)
and the 20 % and 60 % (P < 0.0001) contraction levels.

The comparison of the net MEP was significantly dif-
ferent between the dynamic and static tasks (repeated
measures ANOVA; F[3,22] = 4.09; P = 0.0189) (Fig. 1).
During the dynamic task net MEPs were significantly in-
creased at the 10 % (P = 0.0003) and 20 % contraction
levels (P = 0.0116). At 40 % and 60 % no differences were
observed (P = 0.33 and 0.82, respectively).

In order to exclude the possibility that the observed
extra-facilitation during the dynamic task was due to a
greater background EMG level, net MEP of matched
background EMG levels were compared between the dy-
namic and static motor task at 10 % and 20 % MVC. At
comparable levels of background EMG (P = 0.25) the net
MEPs were significantly larger during the dynamic mo-
tor task (P = 0.007) (Fig. 2).

All the control subjects showed increased MEP re-
sponses during the dynamic motor task.
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■ Patients with spinal cord injury

The net MEP responses of the iSCI patients showed a
significant reduction in both the dynamic and static
motor task (P < 0.001).

Corresponding to the excitability and size of net
MEP, three subgroups could be distinguished (Fig. 3):
group 1) 13/21 (61.9 %) of the patients showed a signifi-
cant increase of the net MEP response during the dy-
namic motor task (P = 0.003), which corresponds to that
seen in the control subjects, group 2) 5/21 (23.8 %) of the
patients showed no difference between the net MEP size
in the static and dynamic motor tasks, i. e. no facilitation
during the dynamic motor task; and group 3) 3/21

(14.2 %) of the patients showed a net MEP response only
in the dynamic but not in the static motor task.

■ MEP latency

In the control subjects the MEP latency was not changed
either by the task nor the level of MVC. The MEP latency
during the dynamic motor task ranged from 23ms to
31ms (mean 27 ± 3ms) and during the static motor task
from 25ms to 31ms (mean 27 ± 2.7ms). The iSCI patients
showed significantly delayed MEP latencies (dynamic
task: mean 34.9 ± 10 ms; static task: mean 35.4 ± 7 ms)
but no significant differences between dynamic and sta-
tic motor task (Fig. 4). The delay of the latency was not
related to the reduction of MEP facilitation during the
dynamic motor task.

Fig. 1 Comparison of the mean net MEP values between the isometric dynamic
and static motor task (* indicates a significant difference between the static and dy-
namic task, P < 0.01)

Fig. 2 Comparison of net MEP responses during the static and dynamic motor task
at matched background EMG levels (* indicates a significant difference between
the static and dynamic task, P < 0.01)

Fig. 3 Net MEP size in healthy subjects (controls) and iSCI patients during static
and dynamic muscle contraction. In the iSCI patients, three subgroups of net MEP
impairment could be distinguished (* indicates a significantly larger net MEP in the
dynamic compared with the static motor task, P < 0.001). In the control subjects,
the net MEP size of both motor tasks was significantly (** P < 0.007) larger com-
pared to the iSCI patients

Fig. 4 MEP latencies of healthy controls and iSCI patients during dynamic and sta-
tic motor task at 20% MVC. In healthy subjects the MEP latencies were significantly
shorter than in the patients while there was no difference in MEP latencies between
the two motor tasks

* *

*

*
**
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Discussion

The assessment of task-dependent modulation of TA
MEP can provide additional information about the im-
pairment of spinal motor pathways in incomplete spinal
lesions. In patients with iSCI the MEP amplitudes were
significantly reduced and different patterns of impaired
MEP facilitation could be distinguished. The potential
relevance of these findings for the diagnostic assess-
ment and follow-up examinations in patients with a
spinal lesion will be discussed.

■ Task-dependent facilitation

The calculation of the background EMG in the control
subjects during dynamic and static muscle contractions
was applied to estimate the extent of spinal motoneuron
pool recruitment [7,29].Since the background EMG was
recorded at similar levels of torque generation for both
tasks, the enhanced background EMG during the dy-
namic motor task indicates an increased MN-recruit-
ment.This increase was significant at all contraction lev-
els.This result is in accordance with studies on static and
dynamic motor tasks of upper limb muscles [1, 34]. The
difference in the discharge pattern can be attributed to
a task-dependent recruitment of the MN pool. This was
confirmed by studying the amplitude of descending
spinal volleys to transcranial electrical and magnetic
stimulation [10, 12, 15, 21, 41].

In the present study, at lower dynamic contraction
levels a significant task-dependent facilitation compara-
ble to upper limb muscles could be shown [25]. The net
MEP size was calculated for all MEPs to assess changes
of the MEP size independent of the level of background
EMG [23, 26, 40]. The enhanced MEP size at lower levels
of dynamic compared with static muscle contraction
could be confirmed by matching the background EMG
of both motor tasks.

■ Cortico-spinal pathways

The important contribution of cortico-spinal input to
the MEP facilitation has been shown by TMS studies
[31]. During the performance of skilled hand move-
ments (precision grip) and the activation of lower limb
muscles during walking, modulatory effects of descend-
ing inputs could be demonstrated [3, 5, 11, 18, 43]. Dur-
ing walking the TA activation in the swing phase is un-
der a stronger cortico-motoneuronal (CM) control [40].
However, during motor tasks requiring a similar level of
attention of the ankle flexors and extensors the CM con-
nections seem to be equally linked and comparably in-
fluenced by segmental afferents [2, 6].

In the present study the analysis of MEPs during sta-
tic and dynamic motor tasks allowed for the distinction
of different patterns of impaired facilitation in iSCI pa-
tients. This observation adds to that of delayed MEP la-
tencies described for iSCI patients [9]. In all iSCI pa-
tients studied here, the size of the MEP responses was
significantly reduced in both motor tasks. About 2/3 of
the patients showed a preserved facilitation with an en-
hanced MEP response in the dynamic motor task. In the
remaining 1/3 of iSCI patients MEP facilitation was im-
paired. Either there was no extra-facilitation of MEP in
the dynamic compared with the static motor task or a
MEP response could only be elicited in the dynamic mo-
tor task. These findings indicate different forms of im-
paired MEP facilitation that were not related to the de-
lay of the MEP latency. Such differences became only
evident when the task-dependent effect on MEP size was
analyzed. In contrast to the MEP triple stimulation tech-
nique (TST) the present study focused on facilitatory
MEP effects [28]. However, the TST has the advantage of
resynchronizing discharges due to central motor con-
duction failures that allows for the quantification of the
conducting central motor tracts [4, 20].

Besides diagnostic purposes, neurophysiological
recordings are repeatedly applied in acute iSCI patients
during the clinical course to monitor the recovery of
spinal motor pathways. In traumatic iSCI MEP latencies
remain unchanged even in patients with a relevant im-
provement of sensorimotor function [9]. The task-de-
pendent MEP facilitation could provide additional in-
formation about the function of spinal motor pathways
[10]. The question how far the changes of MEP facilita-
tion can be related to clinical symptoms in iSCI needs
further evaluation.

In conclusion, the present observations are of poten-
tial clinical significance for three reasons. First, the per-
formance of controlled levels of muscle contraction al-
lows for a comparison of the MEP size between control
subjects and patients. Second, in patients where it is dif-
ficult to record MEP responses of the lower limb muscles
during a static motor task, an additional facilitation can
be achieved by dynamic muscle activation. Third, as-
sessing changes in facilitation provides additional infor-
mation complementary to the delay of MEP responses.
Therefore, the task-dependent modulation of lower limb
MEP represents an additional approach for diagnosis
and follow-up of impaired spinal motor pathways.
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