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Barthélemy D, Willerslev-Olsen M, Lundell H, Conway BA,
Knudsen H, Biering-Sørensen F, Nielsen JB. Impaired transmission
in the corticospinal tract and gait disability in spinal cord injured
persons. J Neurophysiol 104: 1167–1176, 2010. First published June
16, 2010; doi:10.1152/jn.00382.2010. Rehabilitation following spinal
cord injury is likely to depend on recovery of corticospinal systems.
Here we investigate whether transmission in the corticospinal tract
may explain foot drop (inability to dorsiflex ankle) in persons with
spinal cord lesion. The study was performed in 24 persons with
incomplete spinal cord lesion (C1 to L1) and 15 healthy controls.
Coherence in the 10- to 20-Hz frequency band between paired tibialis
anterior muscle (TA) electromyographic recordings obtained in the
swing phase of walking, which was taken as a measure of motor unit
synchronization. It was significantly correlated with the degree of foot
drop, as measured by toe elevation and ankle angle excursion in the
first part of swing. Transcranial magnetic stimulation was used to
elicit motor-evoked potentials (MEPs) in the TA. The amplitude of the
MEPs at rest and their latency during contraction were correlated to
the degree of foot drop. Spinal cord injured participants who exhibited
a large foot drop had little or no MEP at rest in the TA muscle and had
little or no coherence in the same muscle during walking. Gait speed
was correlated to foot drop, and was the lowest in participants with no
MEP at rest. The data confirm that transmission in the corticospinal
tract is of importance for lifting the foot during the swing phase of
human gait.

I N T R O D U C T I O N

It has been demonstrated in recent years that it is possible to
drive neuroplastic changes in the brain and spinal cord and
thereby promote some recovery of lost function through ap-
propriately designed interventions (Hummel and Cohen 2005;
Nudo 2006; Plow et al. 2009). Development of such interven-
tions will depend on gaining a detailed understanding of the
underlying physiological mechanisms that support recovery
and on our ability to chart over time the plastic changes that are
induced as a consequence of an intervention (Ellaway et al.
2004). With recent advances in imaging and electrophysiolog-
ical techniques we are beginning to understand the mechanisms
responsible for reorganizing the central control of movement at
spinal and supraspinal levels following injury and/or therapy.
However, this still constitutes a challenge, especially for the
evaluation of gait and the mechanisms involved in its control.

Indeed, gait involves not only a complex interaction of many
muscles and limb segments, but also an interaction of spinal
neuronal networks, sensory feedback mechanisms, and su-
praspinal commands (Hultborn and Nielsen 2007; Nielsen
2003; Rossignol 2006).

Animal experiments have shown that the motor cortex is
mainly of importance for stepping over obstacles and for
motivational and visual adjustments of gait pattern and direc-
tion, although activity can be recorded from corticospinal
neurons during uncomplicated walking (Armstrong and Drew
1985; Bretzner and Drew 2005; Drew 1993). Likewise, non-
invasive human experiments using transcranial magnetic stim-
ulation (TMS) have provided evidence that the excitability of
corticospinal pathways to leg and arm muscles is modulated
during the gait cycle and that corticospinal drive contributes
directly to the activation of the muscles during uncomplicated
treadmill walking (Barthélemy and Nielsen 2010; Capaday et
al. 1999; Petersen et al. 1998b, 2001; Schubert et al. 1997).
Lesion of the corticospinal tract has been shown to be associ-
ated with inadequate paw lift during gait in the cat (Jiang and
Drew 1996) and monkey (Courtine et al. 2005) and it is
generally believed that foot drop following stroke and spinal
cord injury (SCI) in human subjects is also explained by
impaired corticospinal transmission or lesion to the corticospi-
nal tract (Calancie et al. 1999; McKay et al. 2005; Nathan
1994; Thomas and Gorassini 2005). However, since stroke and
SCI generally involve many other pathways in addition to the
corticospinal pathways there is only circumstantial evidence to
support this. In the present study we therefore addressed
whether foot drop in patients with SCI is correlated to mea-
sures of corticospinal transmission such as the latency and
amplitude of motor-evoked potentials (MEPs) and intramuscu-
lar coherence analysis.

Cross-correlation and coherence analysis of paired electro-
myographic (EMG) recordings from the tibialis anterior (TA)
muscle have been shown to provide evidence of modulation of
the common synaptic drive to populations of TA motoneurons
during walking (Halliday et al. 2003). Coupling of motor unit
activities in the 10- to 20-Hz frequency band is strongly
reduced in persons with SCI, suggesting that motor unit syn-
chrony during walking depends on an intact supraspinal drive
to the spinal cord (Hansen et al. 2005). With similar findings of
reduced 10- to 20-Hz coherence in the TA of stroke patients,
the evidence supports the view that the loss of coherence
during walking is associated with a deficit in motor drive from
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the corticospinal tract (Nielsen et al. 2008). Hansen et al.
(2005) found no relation between reduced TA motor unit
coherence and the speed of gait in SCI persons. One explana-
tion is that corticospinal deficits may be better correlated to
specific deficits in the walking pattern rather than in the control
of the step period.

Thus we show herein that a relationship can be established
between parameters that may reflect corticospinal function
(coherence, motor unit synchronization, and MEPs elicited by
TMS) and the physical foot drop deficit that is observed
following SCI. Each of these parameters is accessible through
simple electrophysiological testing and, if proven reliable,
could be adopted within a clinical setting for patient monitor-
ing and follow-up. Part of this study was previously presented
in abstract form (Barthélemy et al. 2008).

M E T H O D S

The experimental protocol for SCI and control participants was
approved by the local ethics committee and was in accordance with
the Declaration of Helsinki. Participants received oral and written
information and then gave their written consent to the study.

Participants

SPINAL CORD INJURED PARTICIPANTS. In all, 24 participants with a
chronic SCI (22 men and 2 women; average age: 43� 14 yr; range:
20–66 yr) were recruited from the Clinic for Spinal Cord Injuries,
Rigshospitalet in Denmark. Inclusion criteria were that the injury
(traumatic or nontraumatic) must have been stable for �1 yr prior to
the experiment and the participants must not have any known periph-
eral neuropathies or injuries. The participants had locomotor abilities
(ASIA [American Spinal Injury Association] Impairment Scale [AIS]
D) and were able to walk a distance of 10 m with or without
assistance. One participant was categorized as AIS A, due to lack of
sacral sparing (Marino et al. 2003), although he could still walk and
was otherwise equivalent in motor function to an AIS D participant.
He was therefore included in this study. The average number of years
since the SCI participants had their injury was 12 yr (�11 yr) prior to
the experiment. Nineteen of 24 SCI participants had a cervical lesion,
4 had a thoracic lesion, and one had a lesion at the first lumbar level.
Ten SCI participants used a cane or crutch on short to medium
distances and 14 walked unaided on all distances. Eleven SCI partic-
ipants took daily medication: 4 took medication against pain, 2 took
medication for bladder control, and 5 were taking antispastic medi-
cation on a regular basis.

CONTROL PARTICIPANTS. Fifteen age- and gender-matched neuro-
logically healthy participants (13 men and 2 women; average age:
42 � 16 yr) took part in this study. None of the control (CTRL)
participants had any history of neurological disease.

Experimental protocol

CLINICAL ASSESSMENT. A clinical assessment of the SCI partici-
pants was performed at the Clinic for Spinal Cord Injuries, Rigshos-
pitalet in Hornbaek, Denmark. A trained physical therapist assessed
the 10-m walk test following guidelines of Spinal Cord Injury Reha-
bilitation Evidence (SCIRE; www.icord.org/scire/home.php). Over-
ground speed was determined based on that test: the distance (10 m)
was divided by the time it took (in s) for the participant to walk that
distance at their preferred speed.

A physiatrist performed the Standard Neurological Classification of
Spinal Injury assessment including the AIS grade and, from these

assessments, determined the spinal level of the lesion (Marino et al.
2003).

ELECTROPHYSIOLOGICAL ASSESSMENT. EMG activity was recorded
from the TA and soleus muscles of both legs. On the most impaired
leg, two pairs of TA EMG electrodes were placed over the muscle,
with a minimum of 10 cm separating each pair (Halliday et al. 2003;
Hansen et al. 2001). The signals were amplified (�1,000–5,000),
band-pass filtered (5–25 to 1,000 Hz), then digitized and sampled (2
kHz) to a computer using a Micro1401 interface (Spike and Signal
software; Cambridge Electronic Design, Cambridge, UK).

MEASUREMENT OF MAXIMAL M WAVE AND MAXIMAL VOLUNTARY
CONTRACTION OF TIBIALIS ANTERIOR. To compare MEP and EMG
amplitudes in the TA of all participants, we expressed them as a
percentage of the maximal compound muscle action potential (Mmax)
elicited by a supramaximal electrical stimulation.

Mmax was evoked in TA by stimulating the common peroneal
nerve (CPN) at the level of the head of the fibula. The participants
were seated with a hip angle of 90–100° and knee and ankle angles of
90°. CPN stimulation consisted of a 1-ms rectangular pulse delivered
by a constant-current stimulator (1–1,000 mA, DS7A; Digitimer,
Welwyn Garden City, Hertfordshire, UK). The strength of the stim-
ulation was increased until no further changes in the amplitude of the
M-wave were observed. The final value was noted as Mmax.

The maximal isometric voluntary contraction (MVC) of TA was
recorded in the same position. The foot was firmly stabilized on a
custom-made foot rest, which ensured that all contractions were
isometric when dorsiflexion was performed. Instantaneous feedback
was provided to the participant by displaying on an oscilloscope
placed in front of the participant the amplitude of the rectified,
integrated (time constant: 200 ms), EMG activity produced by TA.
Three trials were used for the MVC. The trial that produced the
highest value was noted and later used to determine the level of
contraction the participant had to produce during subsequent measure-
ments (see the following text). Thus in this study the participants were
asked to hold a constant level of background EMG contraction during
the TMS stimulation. However, Davey et al. (1999) reported that the
pattern of force contraction and MEP response in the SCI participants
are very different from those of control participants and thus the force
of contraction does affect the response of the TMS stimulation.
Similar phenomena could be inherent with the technique used in this
project and have been addressed, by constant visual feedback given to
the participants, and rest between trials were taken regularly to
minimize fatigue.

CORTICOSPINAL STIMULATION. To assess transmission in the corti-
cospinal tract (CST), we used TMS (Magstim Rapid Rate stimulator;
Magstim, Dyfed, UK). The stimuli were applied over the leg area of
the motor cortex contralateral to the leg tested by using an 80-mm
double-cone coil (#9902-00). The optimal position for evoking MEPs
in TA was determined and the coil was subsequently held over this
site by an experimenter, with the handle directed toward the back,
such that the induced current flowed in a posterior to anterior direction
in the brain. Overall, this location was slightly lateral to the vertex
(contralateral to the side under investigation). The motor threshold
(MT) of the MEP was determined as the stimulus intensity at which
three of five stimuli evoked a recognizable MEP, i.e., a response �50
�V at rest and 100–200 �V during contraction (Rothwell et al. 1999).

TMS was applied with the participants seated as described previ-
ously during ankle dorsiflexion equivalent to 10%MVC and at rest.
Both legs were tested, starting with the most impaired side. Stimula-
tion was applied 5 to 10 times at 1.2 � MT.

GAIT ABILITY. Gait ability was assessed in all participants while
they were walking on a treadmill (TecnoGym with minimum speed
0.2 m/s). SCI participants did not wear any orthoses during the
assessments. A security harness was used to mitigate against the risk
of falls in all SCI participants who were unable to walk without a
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walking aid. The harness was secured by a Biodex support system, but
did not provide any active body weight support. SCI participants
could also hold on to handrails if they found it was necessary.

The kinematics of locomotor movements was analyzed using a
six-camera Pro-reflex Qualisys system (Qualisys, Gothenburg, Swe-
den). Passive markers were placed on both legs and were positioned
on the anterior superior iliac spine, greater trochanter, external joint
line of the knee, external malleolus, and the lateral side of the 5th
metatarsophalangeal joint (MTP). Markers were also placed on the
12th thoracic spinal process, the 7th cervical spinal process, and one
on each acromion.

All participants wore a pressure-sensitive resistance sensor under
the heel of the most impaired leg to monitor the time of heel contact
during each step cycle. The heel contact times were then used as
triggers during data analysis (see following text).

A target of 5 min of treadmill walking was set for each participant.
SCI participants walked at the maximal speed at which they were
comfortable without holding the bars if possible. CTRL participants
were asked to walk with different speeds (their own favorite speed and
speeds comparable to those of SCI participants). Kinematics and
EMG data collection were synchronized and during the 5-min
walking trial at least two sets of 1-min data were recorded.

Locomotion of the participants was also recorded with a video
camera (model HDRSR12; Sony).

Data analysis

KINEMATICS AND EMG RECORDINGS. The kinematic recordings
from the infrared cameras were preanalyzed in Qualisys software,
where the different markers were identified. Periods of 30–60 s of
kinematic measurements were then exported from Qualisys to cus-
tom-made software (Matlab and Excel-based), which calculated av-
erage swing length and durations of swing, of stance, and of the gait
cycle. Figure 1, illustrates examples of these analysis for one CTRL
(Fig. 1, A–D) and two SCI participants (Fig. 1, E–H and I–L). The
stick diagram of leg movement was reconstructed from marker posi-
tions for each participant (an example of this is shown in Fig. 1, A, E,
and I). The amplitude of toe elevation at the onset of swing (small
vertical line) and just prior to heel strike (first and second toe-lifts,
respectively; Fig. 1, B, F, and J) as well as angle excursion of knee
and ankle (Fig. 1, C, G, and K) were calculated. Corresponding
EMG recordings from TA and soleus are shown in Fig. 1, D, H,
and L.
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FIG. 1. Walking pattern. Kinematic analysis of the gait pattern of a control participant (A to D) and 2 spinal cord injured (SCI) participants (E to H and I
to L). Stick figures show the leg at different time points during stance and swing phase (A, E, and I). Excursion of the toe marker, knee, and ankle angle pattern
and electromyographic (EMG) activity of tibialis anterior (TA) and soleus (SOL) muscles are displayed for all 3 participants. The vertical line in the toe marker
plots points to the onset of the elevation of the toe.
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FOOT DROP MEASURES. Toe elevation. The elevation of the toe
above ground level was taken as a measure of foot drop. However,
trying to determine objective measures for foot drop was complicated
by the compensations that are taking place at other articulations and
that are different from one participant to the other. Trying to calculate
each of those compensations and subtracting them systematically in
every participant was not conclusive. Therefore the amplitude of toe
elevation was calculated from the distance between the marker placed
on the MTP and the ground. The largest distance between these two
points was determined and will be referred to as the highest toe
elevation. In healthy participants plotting the elevation against time
reveals the presence of two separate peaks of toe elevation during
swing. The presence or absence of the second toe elevation prior to
heel strike was also determined by subtracting the excursion of the
malleolus marker (which can be caused by flexion of the knee, hip, or
other compensation strategies used by the SCI participants) from the
elevation of the toe. The remaining movement would then mainly
occur at the ankle at a time corresponding to the second toe elevation.

Angular difference. Simply measuring the total angle excursion
would have been misleading since some SCI participants restricted
their movement at the ankle, whereas others dragged their foot, which
increased the total excursion. Furthermore, it would not have been
specific to the part of the cycle where foot drop is the most evident:
the onset of swing. Therefore to address the decreased toe elevation of
the first part of the swing, the ankle excursion between toe-off and
midswing was calculated. Indeed, the angle of the ankle was measured
at toe-off, just prior to the foot being lifted from the ground. At that
time, the ankle is at its most extended and, to keep the foot from
touching the ground at the onset of the forward movement, there is
dorsiflexion that raises the toe until midswing. This constitutes the
first part of the swing and corresponds to the first toe elevation. For
each participant, the ankle angle at midswing was calculated and then
subtracted from the angle measured at toe-off. For CTRL participants
(walking at speeds comparable to those of SCI participants), this angle
excursion had a mean of 16 � 4°. For SCI participants, this angle
excursion was quite varied and could be smaller or larger from this
mean depending on the foot drag, irrespective of whether they could
correct for it or whether they prevented their foot to drag by lifting the
foot prematurely at the end of stance. The difference between the
values of the angle excursion at onset of swing for each subject was
subtracted from the mean value of the CTRL participants. The
absolute value of this measure will be referred to as angular difference
and, in that way, subjects with low angular difference are closer to the
mean value observed in control.

MEPS. The MEP amplitude was measured at rest by taking the
peak-to-peak value of each MEP, averaging those values, and express-
ing them as percentage of Mmax. Although in iSCI participants MEP
could lack a clear biphasic shape due to the late components of the
corticospinal inputs, we concentrated on the amplitude of the highest
components of the MEP. The latency was measured during contrac-
tion equivalent to 10%MVC, using the rectified and averaged MEP.
The latency corresponded to the onset of the first significant deviation
from the background EMG.

It would have been optimal to subtract an estimate of peripheral
conduction time in each of the subjects to obtain a more precise
estimate of central conduction time. However, most of the subjects did
not tolerate magnetic stimulation applied over the lumbar spinal cord
and this procedure therefore had to be abandoned. We did make sure
to exclude subjects with known peripheral neuropathy and/or diabetes
and differences in peripheral conduction time therefore likely had
only little influence on differences in MEP latency. Normalization of
the MEP latency to the height of the subjects also made no difference
for the comparison of CTRL and SCI subjects or for the correlation of
MEP latency in different subjects to other parameters, suggesting that
differences in height between subjects was too little (1.64 to 1.84 m)
to significantly influence the distribution of MEP latencies.

COHERENCE AND CROSS-CORRELATION. Analysis of the inputs (e.g.,
CST) responsible for driving spinal motoneurons during movement
can be obtained from coherence and cross-correlation analysis of
EMG activity (Halliday et al. 1995; Hansen et al. 2001, 2005). The
presynaptic inputs that synchronize the populations of motor units can
be estimated by doing a statistical analysis and by characterizing their
frequency content and time course.

The method uses the Neurospec scripts available online (www.
neurospec.org) and has been described elsewhere (Hansen et al. 2005;
Nielsen et al. 2008). Briefly, a Fourier transform–based framework is
used for the analysis. A correlation structure between the paired EMG
signals can then be characterized as a function of time and frequency
(Halliday et al. 1995). Standard practice and the theoretical work of
Myers et al. (2003) were followed. Surface EMG was preprocessed
using a full-wave rectification. The rectified signals were then as-
sumed to be realizations of stationary zero mean time series, which
were denoted by x and y. A periodogram was applied to estimate the
power spectra. From these spectra a discrete Fourier transform was
constructed from short sections of the data taken at a fixed offset time
with respect to a trigger point (in this case the heel strike) in each step
cycle. By an average of the periodograms across all step cycles
estimates of the spectra were constructed. For the data presented, a
segment length corresponding to the period of TA EMG activity
during the swing phase was used. fxx(�) and fyy(�) were used to
represent the power spectra of processes x and y, respectively. The
cross-spectrum between x and y was denoted by fxy(�) and was
estimated in a manner similar to that of the autospectra. The correla-
tion between the EMG signals was assessed through coherence func-
tions in the frequency domain (Brillinger 1981; Halliday et al. 1995).
The coherence function between the two rectified EMG signals was
defined at frequency � as

�Rxy(�)�2 �
� fxy(�)�2

fxx(�)fyy(�)

On a scale from 0 to 1, coherence functions provide normative
measures of linear association. For the present data, the coherence
provides a measure, at each Fourier frequency �, of the fraction of the
activity in one surface EMG signal that could be predicted by the activity
in the second surface EMG signal. In this way, the coherence was used
to quantify the strength and frequency of common rhythmic synaptic
inputs, which were distributed across the motoneuron pool (Farmer et
al. 1993). To correlate coherence measures to other measurements in
this study, the area under the curve was calculated in frequency
windows determined to be different between CTRL and SCI partici-
pants (10–20 and 20–50 Hz).

In the time domain, estimates of the cumulant density function were
used to characterize the correlation between the two rectified surface
EMG signals. The cumulant density function, denoted by qxy(u), was
defined as the inverse Fourier transform of the cross spectrum

qxy(u) � ���

�
fxy(�)ei�ud�

For two uncorrelated signals, the cumulant has an expected value of
zero; deviations from this indicate a correlation between the two EMG
signals at a particular time lag, u. In the present experiments, which
are exploring aspects of the common drive to TA motoneurons during
locomotion, the dominant feature in cumulant density estimates is the
central peak around zero, reflecting the presence of common synaptic
input. Rhythmic inputs will induce symmetrical oscillatory compo-
nents in the cumulant (Perkel et al. 1967a,b); the frequency and
strength of these components can be quantified from the correspond-
ing coherence estimates. Cumulant density functions are analogous to
cross-correlation functions often used to quantify spike train data and
have a similar interpretation (Halliday et al. 1995).
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Statistics

The two groups in this study (SCI vs. CTRL) were compared for
TMS responses, coherence, kinematic parameters, and gait velocity.
Student’s t-test was applied to determine significance of the compar-
ison, but in cases where distribution of data was not normal or not of
equal variance, the nonparametric Mann–Whitney rank-sum test was
applied. To further the analysis, correlations were made between
electrophysiological, clinical, and biomechanical tests. The Pearson
product moment method was used to measure the correlation for all
parameters except those that did not follow a normal distribution,
which were assessed with the Spearman rank-order test. In the graphs,
a regression line was also applied for visualization purposes. Statis-
tical analysis was performed using SigmaPlot 11.0 and, for all tests, a
difference was considered significant if P � 0.05. A Bonferroni
correction was applied when numerous correlations were made be-
tween coherence, kinematics, MEP measures, and gait speed. Aver-
ages are presented as mean � SD.

R E S U L T S

Comparison of gait characteristics related to foot drop in
CTRL and SCI participants

The kinematics and EMG activity shown in Fig. 1 illustrate the
differences in gait ability in one CTRL (Fig. 1, A–D) and two SCI
participants walking on a treadmill (Fig. 1, E–L). CTRL partici-
pants walking at speeds comparable to those of SCI participants
(from 0.2 to 0.8 m/s) and at their own comfortable pace (1–1.1
m/s) demonstrated two peaks of toe elevation during the swing
phase. Toe elevation is shown as an upward deflection in the graphs
in Fig. 1, B, F, and J. The first elevation starts at the beginning of
swing (see the lift in the rightmost part of stick figure in Fig. 1A) and
the second elevation occurs at the end of the swing, prior to the
heel strike (leftmost part). The average amplitude of the toe
elevation for the CTRL participants was 59 � 15 mm for the
first and 67 � 20 mm for the second toe elevation when
walking at an average speed of 0.6 m/s (0.2–0.8 m/s). No
significant difference in the toe elevation was found when
CTRL participants walked at their own comfortable speed.

Thirteen SCI individuals also showed two toe elevations in the
swing phase during gait (average highest peak of 74 � 17
mm), whereas 11 individuals showed only a single elevation
(similar to the participant in Fig. 2, E–H; average height 31 �
15 mm). Seven of these dragged their foot at the onset of swing
(exemplified by the participant in Fig. 1, I–L). The movement
at the ankle joint also shows two dorsiflexions during the cycle
for CTRL, but not for SCI corresponding to the absence of the
second toe elevation during treadmill walking (Fig. 1, C, G,
and K). Total range of ankle movement was not significantly
different between the CTRL and SCI groups (25 � 5 and 25 �
13°, respectively; rank-sum test, P � 0.07). Furthermore, there
was no statistical difference when CTRL participants were
compared with SCI subjects who exhibited foot drag (30 �
23°; rank-sum test, P � 0.3), but the variability was greater.

Modulation of common motoneuronal drive during gait in
CTRL and SCI participants

Figure 2 shows coherence and cumulant analysis data from
CTRL (Fig. 2, A–C) and SCI participants (Fig. 2, D–F) walking
at 0.4 m/s, respectively. Two clear bursts of EMG activity were
observed in each TA recording for the CTRL participant, corre-
sponding to the first and second toe elevations, but only one burst
was observed in the EMG recording of the SCI participant. In all
participants, a very high coherence between the two TA EMG
recordings was observed at frequencies �10 Hz. This is assumed
to be produced, in part, by the common envelope of EMG activity
during swing (Halliday et al. 2003). In agreement with what has
been reported previously (Halliday et al. 2003; Hansen et al.
2005), an additional peak of coherence was observed in the CTRL
participants at frequencies around 10–20 Hz and extending out to
50 Hz (Fig. 2B), but not in the SCI participant (Fig. 2E). In Fig.
2, C and F, the corresponding cumulant density provides a
measure of the temporal structure of the motor unit synchroniza-
tion existing between paired EMG recordings for the duration of
the swing phase. A narrow central peak of synchronization (last-
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ing about 23 ms) was observed in the cumulant density estimate of
the CTRL participant. This sharp central peak is thought to result
from the common central drive to the motoneurons. In the SCI
participant, the central peak was absent and a broad low-amplitude
peak at a lag of 0 ms and width of almost 90 ms was observed.

Figure 2, G–J shows pooled data analyzed from 15 CTRL
and 23 SCI participants. The EMG data pooling relates to the
TA activity sampled prior to heel strike and for both SCI and
CTRL participants has a duration of 600 ms. Pooled coherence
for CTRL participants contains two zones of significant coher-
ence �10 Hz and occurring within the 10- to 20- and 20- to
50-Hz frequency bands. Both of these zones of coherence are
lacking from the pooled coherence of SCI participants. The
pooled cumulant density is shown over two lag ranges of �50
and �300 ms. The narrow central peak synchronization was
evident for CTRL participants, but only a larger, broader peak
of synchronization was present for the SCI participants.

Correlation of strength of common synaptic drive and foot
drop in SCI individuals

Figure 3A shows that the amount of coherence in the 10- to
20-Hz frequency band was positively correlated (Spearman r �

0.7; P � 0.0004), with the highest toe elevation in individual SCI
participants. It is also seen that participants displaying two toe
elevations (squares) had higher toe elevation than that of partici-
pants who displayed a single toe elevation (circles) and who
dragged their foot at the onset of swing (triangles). For compar-
ison the range of highest toe elevation in CTRL participants was
52–109 mm and area of coherence went from 1.2 to 5.7. The data
from the CTRL participants are shown as the shaded gray area.
There was a significant negative correlation between the angular
difference at the onset of swing (range in CTRL: 0–6°) and the
amount of coherence in the 10- to 20-Hz frequency range (Fig.
3B; Spearman r � �0.62; P � 0.008). There was also a signif-
icant correlation between coherence in the 20- to 50-Hz frequency
band and the highest toe elevation (Spearman r � 0.5; P � 0.04),
but not with the angular difference (Spearman r � �0.5; P �
0.08). Only four SCI participants showed short-term synchrony in
the cumulant density function (marked with asterisks).

Transmission in CST evaluated by TMS

Figure 4 shows sample averaged TA MEPs at rest in a
representative CTRL (Fig. 4A) and the most affected leg of an
SCI individual (Fig. 4B). MEPs could be evoked at rest in all
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FIG. 4. Motor-evoked potentials (MEPs)
in a CTRL and SCI participant. MEP at rest
of TA muscle in CTRL (A) and SCI partic-
ipants (B). Arrows point to the time of stim-
ulation.
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13 CTRL individuals tested with TMS, whereas it was not the
case for 6 SCI participants. The threshold of the MEP was
significantly lower in the CTRL than that in the most affected
leg of the SCI individuals (64 � 12% MSO [maximal stimu-
lator output] for CTRL and 81 � 19% MSO for SCI; Student’s
t-test, P � 0.007) and the MEP amplitudes were greater in
CTRL than those in SCI participants (7 � 5%Mmax for CTRL
vs. 4 � 6%Mmax for SCI; rank-sum test, P � 0.04). During
dorsiflexion at 10%MVC, MEPs were evoked in all CTRL and
SCI individuals. The threshold was 55 � 11% MSO for CTRL
and 67 � 15% MSO for SCI (Student’s t-test, P � 0.02). The
MEPs in SCI participants had a significantly longer latency
(40 � 6 ms) than that in CTRL participants (latency: 32 �
2 ms; rank-sum test, P � 0.001).

Importantly, the SCI group was heterogeneous with 5 SCI
participants displaying MEPs during contraction and at rest of
similar latency and amplitude to CTRL participants, 13 having
significantly longer latency and/or smaller amplitude both at
rest and during contraction and 6 having significantly reduced
and delayed MEPs during contraction but no MEPs at rest.

Correlation of strength of common motoneuronal drive,
corticospinal transmission, and foot drop

MEP measurements during rest and contraction were not
significantly correlated to the amount of coherence in either the
10- to 20- or the 20- to 50-Hz range (see Table 1).

Correlations between kinematics and MEP measures were
assessed using data from both legs (Table 2). The highest toe
elevation was significantly correlated to the MEP latency and
the MEP amplitude at rest (Fig. 5, A and B; Spearman r �
�0.5, P � 0.04 and r � 0.6, P � 0.01, respectively).

Correlation with overground gait speed

Highest toe elevation and angular difference in early swing
measured in the most impaired leg were directly correlated to
overground gait speed, based on the 10-m test (Table 3;
Spearman r � 0.6, P � 0.006 and r � �0.5, P � 0.02,
respectively). MEP amplitude at rest was significantly corre-
lated to gait speed (Spearman r � 0.7; P � 0.009), so that SCI

participants who did not show any MEPs at rest, had the
slowest gait speed overground. MEP latency and coherence
were not significantly correlated to overground gait speed.

D I S C U S S I O N

Herein, we show that coherence between populations of TA
motor units, MEP amplitude at rest, and MEP latency during
contraction are correlated to the degree of foot drop in indi-

TABLE 1. Correlations between coherence, motor-evoked potential (MEP), and kinematics in the most impaired leg of spinal cord injury
(SCI) participants

MEP

r/P Highest Toe Elevation Angular Difference Amplitude at Rest Latency During Contraction

10–20 Hz 0.7/0.0004*** 0.62/0.008** 0.54/0.24 �0.4/0.48
20–50 Hz 0.5/0.04* �0.5/0.08 0.38/0.96 �0.3/1

r, correlation factor; P, P value. *P � 0.05; **P � 0.01; ***P � 0.001.

TABLE 2. Correlations between kinematics and MEPs in SCI
participants

MEP

r/P Latency Contraction Amplitude at Rest

Highest toe elevation �0.5/0.04* 0.6/0.01**
Angular difference 0.2/1 �0.3/0.6

*P � 0.05; **P � 0.01; ***P � 0.001.
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viduals with SCI. This suggests that transmission in the corti-
cospinal tract (CST) to TA motoneurons is of functional
importance for lifting the foot during the swing phase of human
gait. In addition, intramuscular coherence in TA may serve as
a physiological marker of impaired corticospinal control of gait
in SCI participants.

Intramuscular coherence as a tool for assessment of CST
impairment

The two main characteristics of coupling between TA motor
unit activity in the swing phase of healthy human walking—
i.e., a peak of coherence in the 10- to 20-Hz frequency band
and synchronization within a narrow time band (�20 ms)—
were not seen in SCI participants, as previously reported by
Hansen et al. (2005). However, they found no correlation
between the motor unit coupling and the gait ability of the
subjects (i.e., speed of walking). In the present study, we show
that the coherence was well correlated with the degree of foot
drop in the SCI participants and that foot drop in turn was well
correlated to the speed of walking. Lack of correlation between
gait speed and coherence can be explained by the fact that
coherence in TA is assessed only during swing phase activity,
whereas gait speed depends not only on swing phase activity
but also on other variables, such as stance phase activity and
transitions from swing to stance.

Cross talk between the two surface electrode recordings is
unlikely to explain the data observed, as discussed in Hansen et
al. (2001, 2005) and Halliday et al. (2003). The distance
between the pairs of EMG electrodes exceeds that of the
overlap between individual motor unit territories (Roy et al.
1995; Smits et al. 1994). Also, signs of cross talk within the
cumulant (large, narrow central peak) or coherence (large
broad band coupling at minimal phase lags) estimates were not
detected (see Fig. 2).

It is generally accepted that common synaptic drive from
collaterals of last-order neurons is an important, but probably
not exclusive, contributor to short-term synchrony and coher-
ence. Halliday et al. (2003) argued that coherence in the 10- to
20-Hz frequency band during walking may reflect part of the
discharge frequencies of the last-order neurons responsible for
the common synaptic drive, just as was shown in the 15- to
35-Hz frequency band during tonic voluntary contractions
(Farmer et al. 1993,1997). Part of this common synaptic drive
may be from corticospinal origin. Nielsen et al. (2008) showed
a decrease in coherence between 10 and 20 Hz and an absence
of a central sharp peak in the time domain in stroke patients.
The reduction of the central synchronization peak and the 10-
to 20-Hz coherence in the SCI participants included in the
present study may similarly signify that CST activity is of
importance for their occurrence. Indeed, the SCI participants in
whom coherence and cumulant were diminished had a de-
creased elevation of the toe. Participants who demonstrated

foot drop also had impaired corticospinal transmission, as
evidenced by significantly increased latency during contraction
and decreased amplitude of MEPs at rest. Coherence was also
observed in 20- to 50-Hz bandwidth in healthy participants, but
not in the most impaired SCI participants. This 20- to 50-Hz
coherence was significantly correlated to highest toe elevation
measures and is thought to reflect the extent of corticospinal
impairment after SCI. However, it could also be related to
activity in the reticulospinal and/or propriospinal tracts, given
that these pathways might contribute to recovery after spinal
cord injury (Nishimura et al. 2009). Similarly, Norton and
Gorassini (2006) showed an increase of coherence in a similar
bandwidth (24–40 Hz) between muscles acting at the knee
joint in SCI participants that improved their locomotor function
following treadmill training.

Although both electrophysiological measures (TMS and
coherence) were well correlated to foot drop, they were not
significantly correlated to each other. TMS latency provides an
estimate of impairment of the fastest conducting corticospinal
neurons (Alexeeva et al. 1998; Brouwer et al. 1992; Calancie
et al. 1999; Ravnborg 1996), whereas coherence in the 15- to
30-Hz frequency band likely reflects common synaptic drive
arising from a less well defined corticospinal activation (Datta
et al. 1991; Farmer et al. 1993; Kilner et al. 1999; Nielsen et al.
2008). The diversity in the source of the signal might explain
the lack of correlation between TMS and coherence and the
two parameters are therefore unlikely to be equally influenced
by a given spinal cord injury. It should also be pointed out that
the two parameters were obtained in different tasks and that
they likely reflect different aspects of corticospinal function.

Involvement of the CST in foot drop

Foot drop has long been associated with CST lesion. In the
cat, a complete lesion of the CST induces dragging of the paw
at the onset of swing (Drew et al. 2002; Jiang and Drew 1996).
After spinal cord lesion, foot drop is also a permanent deficit in
the monkey (Lawrence and Kuypers 1968). Human studies
have also demonstrated that the CST contributes significantly
to human walking (Capaday et al. 1999; Petersen et al. 1998a,
2001; Schubert et al. 1997) and TA appears to receive a very
significant monosynaptic corticospinal drive (Petersen et al.
1998a,b, 2003). Clinically, foot drop is a frequent permanent
functional deficit among individuals with SCI and stroke,
which is consistent with a lesion to the corticospinal fibers
along the path from the cortex, the cerebral capsule, the
cerebral peduncles, and the spinal cord (Westhout et al. 2007).
The present study strengthens this by showing that in SCI
patients, a lesion disrupting the CST will induce foot drop and
that the degree of the deficit is directly correlated to the extent
of the CST impairment.

TABLE 3. Correlations between coherence, MEP measurements, kinematics, and gait speed in SCI participants

MEP

r/P 10–20 Hz 20–50 Hz Amplitude at Rest Latency Contraction Highest toe Elevation Angular Difference

Overground speed 0.4/0.08 0.4/0.1 0.7/0.009** �0.3/0.9 0.6/0.006** �0.5/0.02*

*P � 0.05; **P � 0.01; ***P � 0.001.
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Measurement of foot drop

It was not straightforward to obtain a valid comparable
measure to estimate the extent of foot drop in the SCI partic-
ipants from the kinematic data, since the subjects used different
strategies to compensate for the foot drop. Previous studies
have used a number of different measures to solve this prob-
lem, such as measuring total ankle motion range (Bensoussan
et al. 2006), maximal dorsiflexion or plantarflexion (Novak et
al. 2009), and ankle dorsiflexion at heel contact (Paoloni et al.
2009). We attempted using these measures but found them
difficult to apply in relation to the gait characteristics observed
in the subjects in the present study. We consequently used the
following two parameters: 1) the highest elevation of the foot
was measured as the total vertical excursion of the MTP
marker. A similar measure has been used in several previous
studies (toe clearance; Bensoussan et al. 2006; Chin et al. 2009;
Weber et al. 2004) and was found to be simple to apply and to
reflect well the degree of foot drop of the subject. The findings
in the present study confirm this. 2) The angle excursion
between toe-off and midswing was calculated to address the
foot drop at the onset of swing. This value is relatively stable
in CTRL participants, but analysis of SCI participant patterns
revealed that they either decrease that amplitude (e.g., by
lifting the foot early at the end of stance) or increase the
amplitude (by dragging the foot on the ground). To circumvent
this, the absolute difference between the mean angle excursion
obtained with the CTRL and that of the different SCI partici-
pants was used. Both these parameters were correlated with
clinical foot drop, with walking speed, and with each other.

Clinical significance

These results imply that reduction of coherence and short-
term synchrony may serve as physiological markers of im-
paired corticospinal control of gait in SCI subjects. Our results
for the first time demonstrate a clear linkage between the
behavioral deficits seen in ambulatory SCI persons and elec-
trophysiological measures of corticospinal function. Impor-
tantly, each of these measures could be assessed in nonambu-
latory patients capable of weak dorsiflexion. This could have
significance in relation to rehabilitation strategies aimed at
improving locomotor performance because there may be prog-
nostic implications for the final gait capacity in individual
subjects. From a practical point of view, statistical estimates of
short-term synchronization require only short periods of EMG
activity in ankle dorsiflexors and therefore are easily translat-
able to a clinical setting.
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