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Transcranial direct current stimulation of the primary
motor cortex affects cortical drive to human musculature
as assessed by intermuscular coherence
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Intermuscular coherence analysis can be used to assess the common drive to muscles. Coherence
in the (B-frequency band (15-35Hz) is thought to arise from common cortical sources.
Intermuscular coherence analysis is a potentially attractive tool for the investigation of motor
cortical excitability changes because it is non-invasive and can be done relatively quickly. We
carried out this study to test the hypothesis that intermuscular coherence analysis was able
to detect cortical excitability changes in healthy subjects following transcranial direct current
stimulation (tDCS). tDCS has been shown to increase (anodal stimulation) or decrease (cathodal
stimulation) the size of the muscle potential evoked by TMS. We found that anodal tDCS
caused an increase in motor evoked potential (MEP) size that was paralleled by an increase
in 3-band intermuscular coherence. Similarly, the reduction in MEP size produced by cathodal
tDCS was paralleled by a reduction in 3-band intermuscular coherence, while sham stimulation
did not result in any change in either MEP amplitude or 3-band intermuscular coherence.
The similar pattern of change observed for MEP and intermuscular coherence may indicate
similar mechanisms of action, although this cannot be assumed without further investigation.
These changes do suggest that at least some of the action of tDCS is on cortical networks, and
that combined tDCS and intermuscular coherence analysis may be useful in the diagnosis of
pathologies affecting motor cortical excitability.

(Resubmitted 11 July 2006; accepted after revision 3 October 2006; first published online 5 October 2006)
Corresponding author K. M. Chan: 513 Heritage Medical Research Centre, University of Alberta, Edmonton, AB,

Canada T6G 2S2. Email: ming.chan@ualberta.ca

Intermuscular coherence analysis has been shown to be
capable of reflecting motor cortical function, and is a
potentially appealing option for the investigation of motor
control. It is a measure of the similarity between a pair of
signals in the frequency domain (Challis & Kitney, 1991).
As the frequency domain equivalent of cross correlation,
it can be used to infer information concerning the neural
drive behind a movement (Nielsen et al. 2002; Norton
et al. 2004). Intermuscular coherence analysis can provide
information about common drive during a movement
and it has a number of practical advantages. First, the
subject only needs to produce a brief contraction and
the procedure is therefore relatively quick. Second, the
EMG equipment needed is commonly available. Third, asa
correlational measure it is not influenced by the amplitude
of the time domain signal or the power in the frequency
domain. This means that it can be used in patients who are
only able to produce a weak or brief muscle contraction.
Lastly, it has been shown to be a reliable measure with high
test—retest reproducibility (Pohja et al. 2005). Coherence
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between muscles is generally found in two frequency
bands, o« (5-15Hz) and B (15-35Hz). On the basis
of animal studies and clinical studies that have utilized
EEG/EMG coherence, the 8-band is believed to be cortical
in origin (Mima & Hallet, 1999; Gerloff et al. 2006).
Motor cortical functions are affected in many neuro-
logical diseases. A better understanding of the underlying
mechanisms responsible for the functional derangement
could have potentially important therapeuticimplications.
Transcranial magnetic stimulation (TMS) has proven to
be a robust tool in providing mechanistic insight into
motor cortical functions (Chen, 2000). Transcranial direct
current stimulation (tDCS) of the motor cortex has
been shown to produce lasting excitability changes in
corticospinal pathways (Nitsche & Paulus, 2000). In
healthy subjects, stimulation with the cathode over the
motor cortex (cathodal stimulation) decreases the size
of the motor evoked potential (MEP) from TMS and
anodal stimulation increases the MEP size (Nitsche &
Paulus, 2000). Using pharmacological manipulations and
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electrophysiological techniques, it has been shown that
modulation of corticospinal excitability during tDCS is
dependent on the level of membrane polarization, while
the after-effects of tDCS are primarily due to modifications
of intracortical synaptic activity (Liebetanz et al. 2002;
Nitsche et al. 2005).

Because methods that can be feasibly used in human
subjects to investigate these changes are limited, the
primary objective of this study was to test the hypothesis
that intermuscular coherence analysis was able to detect
motor cortical excitability changes in healthy sub-
jects following tDCS. While previous studies have used
perturbations to examine the effect of tDCS, in this
study we were able to examine its effect on the normal
control of a movement and on cortico-cortical networks
responsible for movement generation (Nielsen, 2002). We
also wanted to compare the patterns of change in TMS
and intermuscular coherence analysis following tDCS. The
similarities and differences may be instructive in pointing
towards possible mechanisms that can be systematically
investigated in future studies.

Methods

All experiments were carried out with local ethical
committee approval, in accordance with the Declaration
of Helsinki and the informed consent of the subjects. Ten
healthy subjects (five female, age 27.4 9.2 years; one
left-handed) participated in this study, with no adverse
effects reported. All experiments were carried out on the
right hand and left motor cortex.

TMS

TMS was delivered through a Magstim 200 stimulator
(Magstim Company, Winchester, MA, USA) with a
figure-of-eight coil (outer diameter 70 mm). The first
dorsal interosseous (FDI) and extensor digitorum
communis (EDC) muscles were chosen for recording
because they are far enough apart that cross-talk is not an
issue, yet close enough that their cortical representation
allows simultaneous stimulation of both muscle groups
by the TMS coil. Surface (Ag/AgCl) EMG electrodes
measuring 2.5 x 1cm were placed in a monopolar
configuration over the FDI and EDC muscles. MEP data
were recorded from the FDI muscle in all 10 subjects, while
MEP data for the EDC muscle were also recorded in 5 of
the 10 subjects. The TMS coil was placed tangentially to the
scalp with the handle directed posterolaterally at an angle
of ~45 deg from the midline. The position that evoked a
consistent twitch in the FDI and EDC muscles was marked
on the scalp (‘hotspot’). Stimulation intensity was adjusted
to evoke a consistent MEP of approximately 0.8—1.0 mV.
To compensate for inherent variability in MEPs recorded
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at rest, 15 MEPs were recorded and averaged in each
test epoch. For each tDCS session, the subject’s hotspot
and required TMS intensity were determined. MEPs
were recorded with the subject at rest, verified by audio
and visual inspection of the raw EMG trace. MEP size
was measured from the peak-to-peak amplitude using
custom written scripts in Matlab (Mathworks, Nattick,
MT, USA) and Microsoft Excel (Microsoft, Redmond,
WA, USA). Signals were amplified (1 mV per division for
MEP recording, and 200 uV per division for coherence
recording) (Advantage EMG machine; Neuroscan, Inc.,
VA, USA) and collected on a computer running Axoscope
through a Digidata 1200 data acquisition board (Axon
Instruments, Molecular Devices Corporation, Sunnyvale,
CA, USA) and band-pass filtered offline (3-300 Hz for
coherence analysis, and 5-500 Hz for MEP). Data were
sampled at 1 kHz and stored for offline analysis.

Coherence assessment

Coherence was calculated from 30s records of wrist
extension and finger abduction against mild resistance
applied by the experimenter. Subjects were given verbal
encouragement and visual feedback via an oscilloscope of
the raw EMG trace from both muscle groups to maintain
a consistent level of contraction throughout each trial.
Coherence and phase relationships were calculated using
scripts based on those developed by Halliday et al. (1995)
(www.neurospec.org). Segments of length 512 were used
giving a frequency resolution of ~1.9 Hz (1000 Hz/512
segments). A 95% confidence limit was calculated for the
coherence spectra using equations developed by Amjad
et al. (1997). Coherence within a test was only considered
significant if the phase relationship between the muscles
was consistent, as described in previous publications
(Hamm & McCurdy, 1995; Farmer et al. 1997; Halliday
& Rosenberg, 1999; Mima & Hallet, 1999).

tDCS

tDCS was applied using a custom-built constant current
stimulator (Type CX-6650; Rolf Schneider Electronics,
Gleichen, Germany). Following rigorous skin preparation
to reduce impedance, saline-soaked sponge electrodes
(5 x 7cm) were positioned over the motor cortex and
contralateral orbit (Nitsche & Paulus, 2000), using the
hotspot identified with TMS as the centre of the cortical
electrode. Stimulation was applied for 10 min at a current
of 1 mA. Sham stimulation was applied by turning on the
stimulator for 10s and then turning it off, while leaving
the electrodes in place. Most subjects experienced a mild
tingling sensation at the site of electrode contact that was
independent of polarity and usually subsided over a period
of a few seconds.
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Experimental procedure

Baseline TMS values were established followed by
baseline values for coherence. Each subject then underwent
tDCS with the polarity randomized and known only to the
experimenter. TMS was repeated immediately, and 5 and
10 min following stimulation, with coherence measured
directly after TMS at each time interval. Each subject
received all three stimulation conditions (sham, cathodal
and anodal) with aminimum of 24 h elapsing between each
experiment. The TMS stimulation intensity for each sub-
ject remained consistent across all experiments (maximal
coefficient of variation <9.5%).

Statistical analysis

All analysis was performed offline. Statistical analysis was
performed using SPSS 12.0, Sigmaplot 8 (SPSS, Chicago,
IL, USA) and Matlab. Area of coherence was computed by
calculating the area under the curve and above the 95%
confidence limit. The area of coherence and mean level
of significant coherence was limited to the B frequency
band (15-35 Hz) (Mima & Hallet, 1999) for assessment
of corticomuscular drive. We also examined the area of
coherence and the mean level of significant coherence in
the -band (5-15 Hz). Paired t tests were used to compare
changesin MEP amplitude and area of coherence following
tDCS to baseline. Analysis of variance (ANOVA) was used
to analyse the root mean square (r.m.s.) amplitude of the
EMG signals recorded under different tDCS conditions.
Lastly, Spearman’s rank coefficient was used to analyse
correlation between MEP amplitude and area of §-band
coherence changes following tDCS.

Results

In keeping with previous studies, we found an increase
in the MEP amplitude following 10 min of weak anodal
stimulation and a decrease following cathodal stimulation.
No change was seen with sham stimulation. Figure 1
illustrates typical results from each of the tDCS polarities
and sham stimulation. The top panel illustrates the
results obtained with anodal stimulation, the middle
panel shows the effect of sham stimulation, while the
cathodal stimulation results are illustrated in the bottom
panel. The left-hand column shows the change in MEP
amplitude for the FDI muscle, the middle column shows
the change in MEP amplitude for the EDC muscle, and
the right-hand column illustrates the change in area of
coherence. There were no significant differences in the
baseline measurements for MEP amplitude or coherence
in either of the stimulation polarities or the sham condition
(P > 0.4, paired t test). Also shown (insets of plots in
right column) are the phase plots for the regions of
statistically significant coherence. These indicate a stable
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phase relationship over the region in which the coherence
is calculated.

Comparisons for each subject were performed
between the pre-stimulation records and those obtained
immediately, and 5 and 10 min after stimulation. Pooled
results from all subjects are shown in Fig.2. The
progression of MEP changes over time for the FDI and
EDC muscles for each of the three stimulation conditions
are shown in plots Fig. 2A and B, respectively, while plots
Fig.2C and D show changes in the area of coherence
for the o- and B-bands, respectively. Following anodal
stimulation, there was an increase in the MEP amplitude
(to 114% of baseline for FDI and 118% for EDC, P < 0.07,
paired ¢ test) and area of B-band coherence (to 118% of
baseline P < 0.005, paired ¢ test). In contrast, cathodal
stimulation resulted in significant decreases in both MEP
amplitude (to 70% of baseline for FDI and 74% for EDC,
P < 0.05, paired ¢ test) and area of 8-band coherence (to
83% of baseline, P < 0.005, paired f test), while sham
stimulation resulted in no significant changes (to 104%
of baseline for B8-band area of coherence, 102 and 101%
for FDI and EDC MEP amplitudes, respectively, P > 0.05
in all cases, paired ¢ test). In all stimulation conditions,
no significant change in o-band coherence was observed
(to 78, 101 and 103% for anodal, cathodal and sham
stimulation, respectively, P > 0.2 in all cases, paired ¢ test).
Details of the statistical analyses are reported in Table 1.
The change in coherence profile is shown in Fig. 2E. This
was done by subtracting the significant coherence (above
95% confidence limit) immediately after stimulation from
that observed before stimulation and averaging across all
subjects (Riddle & Baker, 2005). A value of zero indicates
no change between pre- and post-stimulation conditions,
while positive numbers indicate an increase in coherence
at that frequency. Sham stimulation did not lead to a
significant change, and the values varied around zero.
In contrast, following anodal stimulation there was a
consistentincrease in the 8-band region, and after cathodal
stimulation there was a consistent decrease across all
B-band frequencies.

Although, as a correlational measure, coherence is
insensitive to the amplitude of either the raw EMG signal
or the power in the B-band, changes in the strength
of contraction may reflect changes in the underlying
control of the contraction. To confirm that the contraction
strength was similar in all conditions we measured the
rm.s. amplitude of the signal and the power in the
B-band. We found that the r.m.s. amplitude of the EMG
signal was not statistically different between recorded
trials for each subject (0.34 versus 0.32 versus 0.36 mV,
d.f.=39, F=1.02, P > 0.6, ANOVA) and the power in
the S-spectrum remained constant (79 versus 78 versus
76 dB, d.f. =39, F =1.10, P > 0.5, ANOVA).

Since the coherence analysis computes the common
drive to both muscles, we averaged the MEP change to the
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Figure 1. Typical results in each of the three stimulation conditions
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The left panel illustrates the motor evoked potential (MEP) response in the first dorsal interosseous (FDI) muscle,
while the middle panel illustrates the MEP response in the extensor digitorum communis (EDC) muscle before
(continuous line) and immediately after (dashed line) 10 min of transcranial direct current stimulation (tDCS),
average of 15 responses. The right panel illustrates the area of coherence between the FDI and EDC during a
sustained contraction before and after tDCS. The top row illustrates the results obtained with anodal stimulation
(A, B and C), the middle with sham stimulation (D, £ and F), and the bottom with cathodal stimulation (G, H and
/). The phase plots (insets in C, F and /) show that there is a consistent phase relationship between the two muscles
in the frequency range in which the coherence is found, indicating that the coherence assessment is valid.
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Figure 2. Group results illustrating changes in MEP and coherence
Changes in MEP peak-to-peak amplitude for the FDI (4) and EDC (B) muscles are represented in the top row, while
changes in the area of coherence for the a- (C) and B-band (D) are in the middle row. The bottom row displays the
significant subtracted coherence (E) (Riddle & Baker, 2005) for each of the three stimulation conditions. The group
results show the same trend as the typical results in Fig. 1. The continuous line shows the effect of sham stimulation,
the dotted line shows the effect of anodal stimulation, and the dashed line shows the effect of cathodal tDCS. The
MEP amplitude increased significantly, as did the area of B-band coherence, after anodal tDCS, and it decreased
with cathodal tDCS, whilst no change was observed with sham stimulation. No significant change was observed
in the a-band. E, change in coherence across all subjects and stimulation conditions. Anodal stimulation gave rise
to a broad increase in coherence in the B-band, cathodal stimulation led to a broad decrease in coherence in the
B-band, and sham stimulation did not produce any trend in the results. Error bars represent the variation between
subjects. *P < 0.05, **P < 0.01, ***P < 0.005.
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Table 1. Results of paired t tests for changes in MEP amplitude and area of coherence

following tDCS

Stimulation Time
Parameter condition point t value P value d.f.
FDI MEP amplitude Anodal 0 —2.101 0.065 9
5 —0.706 0.498
10 —0.90 0.930
Sham 0 —1.698 0.124
5 —0.044 0.966
10 —0.844 0.421
Cathodal 0 4.035 0.003*
5 1.522 0.162
10 -0.277 0.788
EDC MEP amplitude Anodal 0 —-2.772 0.050 4
5 —0.789 0.474
10 —0.629 0.564
Sham 0 —0.975 0.385
5 0.088 0.934
10 —0.066 0.951
Cathodal 0 4.358 0.012*
5 2.194 0.093
10 0.900 0.419
Area of g-band coherence Anodal 0 7.521 0.000* 9
5 6.423 0.002*
10 2.185 0.068
Sham 0 —0.527 0.611
5 —0.807 0.441
10 —0.366 0.724
Cathodal 0 8.428 0.000*
5 2.486 0.035*
10 2.853 0.019*

MEP, motor evoked potential; tDCS, transcranial direct current stimulation. FDI, first
dorsal interosseous; EDC, extensor digitorum communis. Time point refers to the number
of minutes after tDCS. *Statistically significant difference (P < 0.05). Degrees of freedom
(d.f.) differ for the FDI and EDC MEP amplitude tests because the MEP in the EDC muscle

was recorded from five subjects only.

two muscles and correlated that with the change in area of
B-band coherence, Fig. 3. This was significant at the t =0
and t = 5time points. The significant relationship between
changes in MEP amplitude and area of §-band coherence
(P < 0.05, r = 0.94, Spearman’s rank coefficient) indicate
that both of these measures respond similarly to
tDCS.

Discussion

In this study, we demonstrated that increases in MEP
size resulting from anodal tDCS of the motor cortex
were paralleled by increases in intermuscular coherence
in the S-frequency band. Likewise, there was a decrease in
intermuscular coherence associated with cathodal tDCS,
and a concomitant decrease in the size of the MEP. In
contrast, sham tDCS had no effect on the MEP size or inter-
muscular coherence. The changes were similar in terms
of amplitude and duration. These findings support our

hypothesis that intermuscular coherence analysis is able to
detect motor cortical excitability changes after tDCS. The
magnitude and duration of change in MEP size following
tDCS that we found were slightly less than those reported
by Nitsche & Paulus (2001) and Nitsche et al. (2003). It is
difficult to speculate possible reasons for the discrepancy
but the state of the subject’s relaxation and the target
muscle used could have potentially contributed to the
differences.

Origin of 3-band coherence

In both animal and human studies, coherence between
motor cortex and muscles is found in the B-band
(Farmer et al. 1993; Pohja et al. 2002; Semmler, 2002).
Intermuscular coherence analysis has revealed the presence
of both @- and B-band coherence in humans; however,
studies in both non-human primates and humans have
found that only the f-band is cortical in origin (Mima
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& Hallet, 1999; Kilner et al. 2000). In patients with
anatomically complete spinal cord lesions, recordings from
muscles below the lesions during muscle spasms (i.e.
with no cortex attached to the muscles) have found no
B-band coherence (Norton et al. 2003). Furthermore,
in patients with incomplete spinal cord injury, S-band
coherence was found to correlate with volitional muscle
strength, and was a predictor for functional recovery after a
treadmill training programme, providing further evidence
for the cortical origin of f-band intermuscular coherence
(Norton & Gorassini, 2006). In the present study, there
were no significant changes in the a-band coherence,
suggesting there is likely to be a cortical origin for the
observed plasticity.

Coherence as a clinical measure

Coherence is likely to be a clinically relevant measure
that has functional correlates. Indeed, in patients with
impaired motor control such as those with cortical stroke
(Farmer et al. 1993; Gerloff et al. 2006) or Parkinson’s
disease (Marsden et al. 2000), the amount of synchrony
between motor units in the B-frequency band is reduced.
In contrast, EEG/EMG coherence in the g-band was
significantly increased following visuo-motor skill training
sessions (Perez et al. 2006). Anodal stimulation has been
used to enhance functional recovery in stroke patients
when applied prior to a functional hand training session
(Hummel et al. 2005; Hummel & Cohen, 2005). This may
help to facilitate rate of force development during rapid
contractions that is important during activities involving
multiple muscle groups and in promoting skilled muscle
synergies (Semmler et al. 2004).

Mechanistic insights

The changes in coherence associated with tDCS of the
motor cortex suggest that short-term plasticity within
corticomotor networks was induced by the stimulation
protocol. A previous study has shown, indirectly, that the
supplementary motor area is involved in the effects of tDCS
(Baudewig et al. 2001). In support of the cortical nature of
the effect, intracortical inhibition elicited by paired-pulse
TMS, a method of assessing cortical networks, has also
been shown to be affected by tDCS (Nitsche et al. 2005).
The bidirectional change observed for -band coherence
and the lack of such a change in the o-band after tDCS
provides further evidence for the cortical origin of the
effect. Our present results have further demonstrated that
corticocortical networks are affected by tDCS. More direct
evidence that the primary motor cortex (M1) is responsible
for coherent corticomuscular oscillations came from a
recent study by Gerloff et al. (2006). In that study, patients
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with congenital lesions resulting in dissociation of M1 and
primary somatosensory cortex (S1) were studied. While
the corresponding S1 remained in the lesioned hemisphere
contralateral to the paretic hand, the corresponding M1
was in the ipsilateral hemisphere. Interestingly, in those
subjects, B-band coherence was only found in the hemi-
sphere ipsilateral to the paretic hand, indicating that the
corticomuscular coherence originated primarily in M1
rather than S1.

To date, studies that have evaluated the mechanisms of
coherence remain sparse. Using carbamazepine, a sodium
channel blocker, Riddle et al. (2004) showed that coherence
in the B-band was enhanced. The same medication was
also used to modulate the after effects of tDCS (Liebetanz
et al. 2002). Using MEPs evoked by TMS as an outcome
measure, it was shown that carbamazepine did not have
any effect on cathodal stimulation, while it completely
abolished the effects of anodal stimulation. In the same
study, Liebetanz et al. demonstrated that glutaminergic
pathways also played a role in the response to tDCS
as dextromethorphan, an NMDA antagonist, abolished
both anodal and cathodal tDCS after-effects completely.
The contrasting findings from these two studies indicate
that although we demonstrated comparable patterns of
change for MEP amplitude and intermuscular coherence
after tDCS, mechanistic similarity between these methods
cannot be assumed without further experiments. Direct
evidence can only be obtained via more specific
manipulations, possibly by pharmacological and neuro-
physiological means.
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Figure 3. Correlation between MEP and coherence changes
Intermuscular coherence computes the common drive to the two
muscles. The change in the average MEP amplitude from the FDI and
EDC muscles was plotted against the change in area of g-band
coherence. There is a significant relationship at t = 0 between these
two measures (P < 0.05, r = 0.94, Spearman’s rank coefficient). The
fitted regression line goes through 0,0, indicating that when there is
no change in one measure there is no change in the other measure.
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