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5> RESULTS

5.1 TEMPORAL AND SPATIAL CHARACTERISTICS OF EMG,

EEG, EMG\EEG COUPLING
5.1.1 Introduction -

The results that will be presented were acquired from experiments carried out

on a group of 9 normal subjects. All subjects provided informed written consent with

the ethical approval of the University of Strathclyde’s Ethics Committee.
The main aim of the experiment was to identify movement dependent

features in the temporal characteristics of EMG and EEG as well as spatial

characteristics of the EEG frequency estimates by using frequency domain and time-

frequency analysis techniques.

Multichannel monopolar EEG signals from 28 cortical electrodes and bipolar
EMG signals from Extensor Carpi Radialis Longus (ECRL) muscle, Flexor Carpi
Radialis (FCR) muscle and Biceps Brachii, Long Head (BBLH) were recorded
during the repetition of the move-hold sequence. Angle rate (angular velocity)
information was also recorded by a rate ﬁgoniometer attached on the upper palm of

the subject’s hand. The move-hold sequence involved the sequential performance of

four phases:

. movement flexion movement
. posture flexion posture

° movement extension

. posture extension

The duration of each movement or posture phasé was 2.1s. The tasks were
performed in an unconstrained manner without wrist or forearm support. Thus the
elbow ﬂexor (BBLH) plays a crucial role in stabilising forearm position throughout
the task. Instructions to the subject on when to move or to hold a position were cued
by auditory stimuli. For each subject 21 continuous complete move-hold sequence

trials were completed. Each trial contained four phases which resulted in a 176.4sec

recording.
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Fig.5.1 Segment of raw rectified EMG, EEG and wrist angle records from Subject 5
BBLH, FCR and ECRL EMGs and 7 from a total of 28 recorded EEG channels aré

displayed. The audio cues instructing the subject to move or hold are displayed in the
plot as the magenta lines.
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Wrist angle information and the wrist flexor (FCR), extensor (ECRL) and
elbow flexor (BBLH) EMGs, as well as 28 EEG channels were recorded and
analysed (Fig.5.1). Fig. 5.2 shows a detail from Fig.5.1 illustrating only the rectified

EMGs during the movement extension phase.

5.1.2 Data Pre-Processing and analysis

Before the main analysis, the move-hold data were organised according to

task phase. The records for each one of the four phases (for all 21 trials and all 9
subjects) were segmented and pooled to produce 4 separate records, one for each of
the 4 phases (movement flexion, posture flexion, movement extension, and posture
extension). The frequency domain estimates therefore correspond to the pooled
across subjects and trials for each phase of the task.

Given the variability in reaction times after the audio cues, it is important to

ensure that the data encompassing the transition between move and hold phases do

not contaminate the pooled, phase specific datasets. Accordingly, in order to avoid
including transitional states in this analysis, data occurring within £200ms of the
auditory cues were discarded. Once data sets were pooled in this way power spectra,
pairwise intermuscular coherence, cumulant and phase for all recorded

electrophysiological signals were calculated.

123



Extension |

angle - =

BBLH w’inwMTwmwmwwmwMMmﬂmMMuu‘uJ Tmﬂmﬁ_ﬁ\f\u\,@‘m’ »

@

- MMMMMMMMMWWMM

time (ms)

Fig. 5.2 EMG bursting during movement. Detail from Fig.5.1 where rectified EMGs
of FCR and ECRL muscles demonstrate clear EMG bursting during movement
extension. Angle information and audio cues are also shown.
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5.1.3 Temporal EMG frequency characteristics.
To best illustrate any task dependent characteristics within the EMG signals

the results of the analysis are presented as illustrated in Fig. 5.3 which shows a
matrix of plots relating to single phase autospectra for each EMG channel (row 1,
Fig. 5.3a,b,c), the respective pairwise coherences (}ow 2, Fig. 5.3d,e,f), cumulant
densities (row 3, Fig. 5.3g,h,i) and phase plots (row 4, Fig. 5.3j,k/). Statistical
parameters illustrating the estimated magnitude of a 95% confidence interval for
each spectral estimate are shown by the small vertical lines at the top right of each

power spectrum. The green horizontal lines in the coherence plots represent the
estimated upper 95% confidence limit. In the cumulant estimate plots the horizontal
line at zero is the asymptotic value and the green horizontal lines are the estimated
upper and lower 95% confidence limits. Finally, the phase is only shown at
frequencies where statistically significant coherence (over the 95% confidence limit)

1s 1dentified. The blue plot represents the phase of the rectified EMG signals while

red represents the phase when the second of the rectified signals was inverted. When
normal phase can not be interpreted according the model described in analytical
methods chapter, the phase curve when one of the two signals has been inverted can
derive the correct delay, especially when signals are coupled in an “out of phase”
fashion. The power spectral and coherence estimates have been further smoothed,

using a 3 point Hanning filter (Halliday and Rosenberg 1999). Smoothing was not

used for the cumulant density and phase.
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Fig. 5.3 Frequency characteristics of ECRL, FCR and BBLH EMGs, during
movement flexion. The frequency characteristics include powers spectral estimates
for the three EMGs on the first row of plots (a, b, ¢), with the small vertical lines at
the top right give the estimated magnitude of a 95% confidence interval. The second
row of plots (d, e, ) gives the coherence estimates between all three pairs of EMGs.
The green horizontal line represents the estimated upper 95% confidence limit. The
third row of plots (g, h, 1) corresponds to the cumulant estimates for the current phase
for the same pairs of muscles corresponding to coherence plots. The horizontal line
at zero is the asymptotic value and the green horizontal lines are the estimated upper
and lower 95% confidence limits. The fourth row (j, k, 1) represents the phase
estimate for the same pairs, where there is significant coherence. The blue line

represents the phase as calculated and the red is the phase calculated when one of the
rectified EMG records was inverted.
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5.1.3.1 Movement flexion phase EMG coupling.
In Fig. 5.3 the frequency characteristics of the recorded EMGs during

movement flexion are shown. The FCR acts as agonist and the ECRL as antagonist

while the BBLH is coactive throughout the task and aids in supporting the arm (see
also Fig.5.1).

The power spectra of ECRL and FCR EMGs (Fig. 5.3a,b) show a low

frequency (0-6Hz) component with a peak at 4Hz. This feature is absent from the
BBLH spectrum (Fig. 5.3¢).

Strong 5-15Hz features appear in the power spectra of all three muscles.
10Hz activity during movement has been reported to occur in agonist and antagonist
during movement (Vallbo and Wessberg 1993; Wessberg and Vallbo 1996). Indeed
the spectral features for ECRL and FCR have a peak at 10Hz. The large 14Hz power
feature in the BBLH could also reflect a neurogenic source of motor unit
synchronisation related to normal physiological tremor (Halliday, Conway et al.
1999). BBLH also contains clear spectral features in the beta band. Such activity is
often observed in muscles contributing to a postural task. Importantly, both ECRL
and FCR do not have any distinct feature in this band. The FCR power spectrum
contains a small but distinct gamma feature (30-40Hz).

The low 0-6Hz frequency modulation of ECRL and FCR EMGs observed
earlier (Fig. 5.3a,b) is also evident in the coherence estimate between the two EMGs
(Fig. 5.3d). The coherence plot between these two muscles shows a peak in the 2-
4Hz band. This indicates a common modulation of the EMGs in this frequency
range. Smaller coherence in the 0-6Hz band (with no peak appearing at 2-4Hz) is
also apparent between FCR and BBLH (Fig. 5.3¢) but not between ECRL\BBLH
(Fig. 5.3/).

The intermuscular coherence between ECRL and FCR also shows a clear and
prominent 10Hz coupling feature. The agonist antagonist bursts during movement
are visible in the raw rectified EMG as illustrated in Fig. 5.2. This is interpreted to
represent the process reported by Vallbo (1993) who demonstrated that during slow
movements a 10Hz reciprocal bursting occurs between antagonistic ECRL and FCR.
The agonist produces a driving pulse and the antagonist responds by producing a

braking pulse out of phase with the agonist burst. The reciprocal nature of this

125




(a) 0-7 Hz (b) 7-13 Hz
0 - . 10 .
h I‘L !u; 3 .!ui-ﬁd t
o A | g et
Syt — ;\*“x*'fs—#" '] L R it e -7 . :T."‘ Sl Ml — i -
A e i N ey T VPEEEN { ' - ) ...~_t—_, e
g 0“ i ijh;\a:hff e ;_'hi}t ._.*_.,_,JH"'_@;"‘F;# 0”_],_ - Jlf’ __} ..I;,A;al_._. 4 b h___ ‘-AJ -ﬁ"u‘
T < A AW - e AR it
5 -5 R | &S S 5 | | W
= M v
E -10 1 - -10 |
15 15
|
100 0 100 200 2000 -100 0 100 200
(c) 3249 Hz (d) (0-7) + (7-13) + (32-49) Hz
10.. .......... i 10, : _ =
MiFe,
AX YR
O R ?‘.'Ir- | ;‘\‘:ﬁh A #ﬂ”‘ﬁr :
h\J H_l. I 1.*:.*"‘1':*?‘(
5 .. A y_‘\,u_
I,
15 | |
-100 0 100 200 -100 0 100 200
ms ms

Fig. 5.4 Cumulant plots for ECRL\FCR EMGs during movement flexion. The red
plot represents the cumulant estimate for the whole 0-500Hz spectrum and the blue

plot represents the estimate for the frequency band indicated at the top of each plot.

The confidence limits are represented by the corresponding colour dashed horizontal
lines.
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Fig. 5.5 Cumulant plots for FCR\BBLH EMGs during movement flexion. The red
plot represents the cumulant estimate for the whole 0-500Hz spectrum and the blue
plot represents the estimate for the frequency band indicated at the top of each plot.
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feature is apparent from the respective cumulant shown in Fig. 5.3g. This

characteristic will be further examined in Fig. 3.3.

Importantly, 10Hz coupling occurs between FCR and BBLH (Fig. 5.3¢) but a
similar relationship cannot be seen in the ECRL\BBLH coherence (Fig. 5.3f) as

would be expected considering the presence of strong coupling of ECRL\FCR and
FCR\BBLH EMGs.

In addition, the ECRL\FCR coherence plot (Fig. 5.3d) also demonstrates

small gamma coupling in the frequency range 34-37Hz. Further gamma coupling 1s

also evident between FCR\BBLH (Fig. 5.3¢) within the 30-37Hz and 46-50Hz
ranges. Apart from a small feature of beta coupling (15Hz) no other statistically
significant coherence over the confidence limit exists between ECRL\BBLH (Fig.
5.3f) during this phase of the task. The 15Hz frequency coupling seen in

ECRL\BBLH coherence can also be identified in the corresponding cumulant plot
estimate (Fig. 5.3/).

The cumulant densities confirm the presence of “out of phase” 10Hz
synchronisation for ECRL\FCR (Fig. 5.3g) and short-term synchronisation between
FCR\BBLH (Fig. 5.3h) as indicated by the side band periodicity around the narrow
central trough and peak respectively. Despite the common' frequency range In
coherence seen between ECRL\FCR and FCR\BBLH the differences in the cumulant
plots suggest that different mechanisms may be responsible. If the same oscillatory
input accounted for the coupling of the two out muscle pairs in the same frequency
range (ECRL\FCR, FCR\BBLH), the third pair (ECRL\BBLH) should behave in a

similar way, showing statistically significant coupling at 10Hz, which is not the case.

Since the cumulant and coherence estimates are closely linked it is important
to examine the cumulant in relation to the distinct coupling features present in the
coherence plots. The cumulant components analysis was used here to isolate

frequency components in the cumulant plots according to the corresponding

statistically significant coherence features and determine their contribution to the

overall coupling process.

Fig. 5.4 contains the independent cumulant estimate components for ECRL

FCR EMGs, for three frequency bands that demonstrate coupling over the statistical
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Fig. 5.6 Example of delay estimation from the 7-13Hz FCR\BBLH phase curve,
based on weighted least squares regression. The solid line shows the delay estimate
while the dashed lines show the error. The dotted lines highlight the fact that the
extension of the delay estimate fit should cross zero. The red plot indicates the phase
when one of the two EMGs i1s inverted. This would give a valid result when signals

where synchronised 1n an out of phase fashion, which 1s not the case here.
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Fig. 5.7 Cumulant plots for ECRL\BBLH EMGs during movement flexion. The red
plot represents the cumulant estimate for the whole 0-500Hz spectrum and the blue

plot represents the estimate for the frequency band indicated at the top of the plot.
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significance limit in the corresponding coherence plot in Fig. 5.3d. In the lower
frequency 0-7Hz band (Fig. 5.4a) a wide trough can be seen (blue plot) that is linked
to the out of phase modulation that occurs between the antagonistic muscles during
active slow flexion. Thé dominant synchronisation frequency indicated by the
secondary features is approximately 3Hz. The peak in the corresponding coherence

plot appeared at the same frequency (Fig. 5.3d). The delay revealed by the cumulant

1s Sms while the phase estimate of the delay is 1.1+2ms as calculated after inverting
the FCR EMG signal.

The cumulant estimated for the 7-13Hz band shows synchronisation features
that associate with the original wideband estimate (Fig. 5.4b). With secondary
features at -51 and 52ms corresponding to 9.7Hz, the frequency closely matches the
9.8Hz frequency where maximum coupling is seen in the coherence plot (Fig. 5.3d).
There 1s a central trough at Oms showing seamless “out of phase” 'synchronisation.
This can be explained by the agonist antagonist double pulse model (Vallbo and
Wessberg 1993) which however had not identified the exact “out of phase” nature
and the zero delay between signals that are evident in the present analysis. The phase
between 7-13Hz between ECRL and the inverted FCR (Fig. 5.3j) derives 0.2+3.8ms
phase difference, very close to the Oms estimate of the delay derived by the
cumulant. For deriving the phase, the FCR EMG was inverted because for rectified
out of phase synchronised signals, phase estimates can give a valid result only when

one of the two signals is inverted. In this way the “out of phase” synchronisation is
converted into “in phase” synchronisation.

The close to zero phase difference for the 10Hz agonist antagonist
modulation during slow movement is an important observation as it gives clues on
the ongin and the generation mechanism of the discussed modulation. It suggests
that no simple feedback loop mechanism, such as the stretch reflex, is involved as
this might be expected to introduce a measurable non-zero delay. A descending

spinal modulation or supra-spinal mechanisms may therefore be more likely to be

responsible for this flexor extensor interaction.

Within the 32-49Hz gamma band component of the intermuscular coupling
(Fig. 5.4c), there is also a narrow negative feature at the lag time of -Sms. The phase

between ECRL and inverted FCR EMGs confirms the above result deriving a -
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5.2+1.0ms delay. This trough also indicates “out of phase” synchronisation between
muscles meaning that the agonist is lagging behind the antagonist by Sms. The

positive sidepeaks at -18 and 8ms indicate a 37Hz frequency, very close to the 36Hz
peak in the corresponding coherence plot (Fig. 5.3e).

Each cumulant estimated for each band can be combined by simple arithmetic
addition as in Fig. 5.4d which shows that the main features of the full cumulant (red
line) is adequately captured by consideration of these separable spectral features.

Using the same approach it is possible to analyse the FCR\BBLH cumulant

(Fig. 5.3h) in relation to the features appearing in the corresponding coherence plot
(Fig. 5.5). The low frequency 0-4Hz (Fig. 5.5a) cumulant shows 51ms delay, the
short phase curve did not derive a similar delay with a high error margin
(42.2+75.7ms) because the weighted least squares regression method for calculating
the phase is quite sensitive to high error in low frequencies smaller than 8Hz. The

high frequency 20-49Hz frequency components affect the original cumulant plot,

without however being statistically significant on their own.,

The 7-13Hz feature is dominant, confirming the large 10Hz peak in the
coherence plot seen in Fig. 5.3e. As with the ECRL\FCR pairing the coupling arises
at 9.8Hz. A negative trough at +70ms and a positive peak at 21ms having similar
absolute magnitude are the main features. A +21.0+9.4ms phase difference is derived
for the 7-13Hz band (Fig. 5.3k & Fig. 5.6) which suggests the cumulant 21ms peak
expresses the lag for the cumulant plot, indicating “in phase” synchronisation. Thus
both cumulant and phase suggest that the FCR EMG leads the BBLH signal by
+21ms. This is unlikely to reflect processes associated with short term
synchronisation between these muscles as the lag time for this would be expected to

be less and as BBLH is the more proximal muscle to the CNS it might also be
expected that BBLH EMG would lead FCR.

As far as the generation mechanism for FCR\BBLH 10Hz coupling it is

feasible that a reflex loop is possibly involved. This might arise as afferent feedback

driven by the 10Hz movement tremor act to modulate BBLH activity.

The ECRL\BBLH cumulant (Fig. 5.7) contains weak beta oscillatory features
but no alpha features showing Sms delay and 20Hz coupling frequency. The difterent
attributes of the ECRL\FCR (Fig. 5.5b) and FCR\BBLH (Fig. 5.6b) cumulant plots
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and the different delays, strongly suggest different underlying mechanisms. This is
turther suggested by the lack of coupling for the ECRL\BBLH pair. However, the
lack of coupling for the ECRL\BBLH specifically in the 10Hz band may also

indicate that a simple reflex mechanism does not account for the 10Hz FCR/BBLH

coupling.
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Fig. 5.8 Frequency characteristics of ECRL, FCR and BBLH EMGs, during posture
flexion. The frequency characteristics include powers spectral estimates for the three
EMGs on the first row of plots (a, b, ¢), with the small vertical lines at the top right
give the estimated magnitude of a 95% confidence interval. The second row of plots
(d, e, ) gives the coherence estimates between all three pairs of EMGs. The green
horizontal line represents the estimated upper 95% confidence limit. The third row of
plots (g, h, 1) corresponds to the cumulant estimates for the current phase for the
same pairs of muscles corresponding to coherence plots. The horizontal line at zero
is the asymptotic value and the green horizontal lines are the estimated upper and
lower 95% confidence limits. The fourth row (j, k, 1) represents the phase estimate
for the same pairs, where there is significant coherence. The blue line represents the

phase as calculated and the red is the phase calculated when one of the rectified
EMG records was inverted.
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5.1.3.2 Posture flexion phase EMG coupling.

Following the end of the active flexion phase the subjects held their wrist in
the flexed position. In this posture a degree of co-activation between FCR and ECRL
can be expected given the need to stabilise the position of the hand against
gravitational influences. Fig. 5.8 illustrates the characteristics of the intermuscular

coupling during this postural phase of the trial.
All three EMG power spectra contain 1-6Hz features (Fig. 5.8a,b,c). Most

likely this reflects low frequency tremor signals or the biomechanical properties of

the wrist-forearm. The EMG power spectra for ECRL, FCR and BBLH are
dominated by peaks close to 10Hz. ECRL and BBLH spectra also show
distinguishable features around 20Hz. This is typical for muscles performing
voluntary postural tasks. A clear beta peak in the FCR spectrum is not present, but

there is generally high activation in the 10 to 30Hz area. Some gamma features are

also present in the FCR spectrum.

The coherence plots show distinct coupling between all three muscles with
peaks at 20Hz and 22Hz respectively for ECRL\FCR, FCR\BBLH and ECRIABBLH
muscle pairs (Fig. 5.8d,e,f). The coherences are statistically significant and strong
especially between the FCR and BBLH EMGs. The shape of the coherence peaks in
the 15-30Hz band is similar for all three muscle pairs. However, while all three pairs
are strongly coupled in the 15-30Hz frequency band, only FCR\BBLH pair is
strongly coupled in the 5-15Hz band. In the same plot, 35-50Hz teatures are also

present. A small feature at 48Hz is present in each plot but is only statisticaly
significant in FCR/BBLH and ECRL/BBLH coherences.

The cumulant plots confirm the near 20Hz coupling. All plots (Fig. 5.8g,h,i)
have positive narrow peak and each EMG appears to be synchronised and “in phase”,
with lags very close to zero. The narrow peak and the highly dumped oscillatory
features indicate a degree of short term synchronisation between each motor pool,

rather that common rhythmic oscillatory input. During the posture flexion the

cumulant for FCR\BBLH shows the strongest coupling. As with the corresponding
coherence plots the FCR\BBLH cumulant plot resembles the ECRL\BBLH

cumulant.
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Fig. 5.9 Cumulant plot for ECRL\FCR EMGs during posture flexion. The red plot

represents the cumulant estimate for the whole 0-500Hz spectrum and the blue plot
represents the estimate for the frequency band indicated at the top of the plot.
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Fig. 5.10 Example of delay estimation from the 13-28Hz ECRL\FCR phase curve,
based on weighted least squares regression. The solid line shows the delay estimate
while the dashed lines show the error. The dotted lines highlight the fact that the
extension of the delay estimate fit should cross zero. The red plot indicates the phase
when one of the two EMGs 1s inverted. This would give a valid result when signals
where synchronised in an out of phase fashion, which is not the case here.
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Closer examination of the cumulant density estimates illustrates that for
ECRL\FCR cumulant (Fig. 5.9, blue line) the components within the 20Hz range

provide most of the statisticaly significant features apparent in wideband full
cumulant (Fig. 5.9 red line). The original plot, reveals zero lag between the two

signals. The cumulant for the 13-28Hz band, represented in the blue plot, reveals a
very small lead for the FCR over the ECRL of -3ms. The dominant coupling

frequency derived by the secondary peaks, is 20Hz, while for the coherence plot
shows maximum coherence at 20.50Hz. The phase plot (Fig. 5.8/ and Fig. 5.10) for
13-28 Hz denves -3.7+1.2 ms, very close to the -3ms predicted by the cumulant plot.

The latency detected is too short to be the result of any reflex mechanism and most
likely can be accounted for by differences in EMG conduction velocities. The short

lag time combined with the sharp shape of cumulant plot and the coherence plots
suggest that short term synchronisation of central origin is a likely explanation. In
addition, and in light of the results from the simulation study in Appendix 8.3 it is
highly likely that this common drive is oscillatory in nature.

The origin of this common oscillation could be supraspinal structures, and

more specifically the motor cortex, considering the fact that as coherence between

cortical activity and EMG occurs during posture for a similar range of frequencies
(Conway, Halliday et al. 1995).

For the FCR\BBLH muscles (Fig. 5.8¢), statisticaly significant coherence was
present within the 0-5Hz, 5-13Hz and 13-35Hz ranges. The 0-5Hz cumulant (Fig.
5.11a) showed “in phase” synchronisation and delay at 36ms while the phase curve
denived a similar delay estimate of 32.6+15.8ms. The main feature that the cumulant
reveals for the 5-13Hz band is a trough at +58ms with positive side-peaks at +3 and
+111ms (Fig. 5.11b). The phase plot can not be interpreted according to the model
described in the analytical methods chapter while the shape of the cumulant reveals
out of phase synchronisation. By inverting one of the two EMGs, the 5-13Hz band

was “out of phase” synchronised in the respective phase plot (Fig. 5.8k), which
derived 58.5+13.5ms, delay remarkably close to the 58ms derived by the central

trough in the corresponding cumulant (Fig. 5.11b). The almost identical phase

estimation from cumulant plot and inverted EMG phase estimation is reassuring for

131



(b) 5-13 Hz

cumulant density

cumulant density

B0 -100 . 100 200 B0 100 0 100 200
Fig. 5.11 Cumulant plots for FCR\BBLH EMGs during posture flexion. The red plot
represents the cumulant estimate for the whole 0-500Hz spectrum and the blue plot

represents the estimate for the frequency band indicated at the top ot each plot.
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Fig. 5.12 Cumulant plots for ECRL\BBLH EMGs during posture flexion. The red
plot represents the cumulant estimate for the whole 0-500Hz spectrum and the blue
plot represents the estimate for the frequency band indicated at the top of the plot.
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the “out of phase” synchronisation and the reliable delay estimate between the
signals.

5-15Hz coupling between FCR and BBLH appears to be present during either
maintained flexion and during active flexion (Fig. 5.7e, Fig. 5.13¢). The oscillatory
features of the cumulant are different, supporting the view of a different coupling

mechanism during the different phases. The absence of 10Hz in the ECRL\FCR

posture tlexion coupling (Fig. 5.8/) and its presence during movement coupling

further supports the above suggestion.

The 13-35Hz band cumulant plot (Fig. 5.11¢) gives +Oms phase lag and a
frequency of 22Hz. The corresponding phase plot (Fig. 5.8k), estimates a lag of
0.6+1.1ms and is therefore in agreement with the cumulant. Because of the sharp
cumulant and near zero lag, it is likely that the central peak in the cumulant plot
represents short term synchronisation of central origin. |

The ECRL\BBLH cumulant in Fig. 5.12 demonstrates strong coupling. The
corresponding coherence plot (Fig. 5.8f) shows coherence in the 15-28Hz band. The
cumulant density component for this frequency range shows a positive peak at -2ms
with the BBLH leading the ECRL. The phase plot (Fig. 5.8]) gave a similar delay
with -1.3£0.9ms and for all intent and purposes this can be considered to be

indicative of synchronisation at approximately 22Hz as indicated by the sidebands.
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Fig. 5.13 Frequency characteristics of ECRL, FCR and BBLH EMGs, during
movement extension. The frequency characteristics include powers spectral estimates
for the three EMGs on the first row of plots (a, b, ¢), with the small vertical lines at
the top right give the estimated magnitude of a 95% confidence interval. The second
row of plots (d, e, f) gives the coherence estimates between all three pairs of EMGs.
The green horizontal line represents the estimated upper 95% confidence limit. The
third row of plots (g, h, 1) corresponds to the cumulant estimates for the current phase
for the same pairs of muscles corresponding to coherence plots. The horizontal line
at zero is the asymptotic value and the green horizontal lines are the estimated upper
and lower 95% confidence limits. The fourth row (j, k, 1) represents the phase
estimate for the same pairs, where there 1s significant coherence. The blue line

represents the phase as calculated and the red is the phase calculated when one of the
rectified EMG records was inverted.
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5.1.3.3 Movement extension phase EMG coupling

Fig. 5.13 shows the characteristics of the EMG spectra, coherence cumulant

and phase estimate during movement extension phase. As in the flexion phase of
movement, during extension statisticaly significant coherence occurs in the low
frequency 0-6Hz band between ECRL and FCR. The neurogenic or biomechanical

origin of this activity is not clear.

During extension movement there is high activation in the ECRL muscle
especially in the 0-8Hz spectral range (Fig. 5.13a). An 8-12Hz feature is not as large
as expected, and the spectra are dominated by low frequencies. The FCR and BBLH

spectra (Fig. 5.13b,¢) show prominent peaks close to 10Hz. Beta features are also
present in the BBLH plot. ECRL\FCR and‘ FCR\BBLH EMGs show statisticaly
significant 10Hz coupling for but as seen in Fig. 5.13f, the ECRL\BBLH pair lacks
any strong coupling in the same band. No 20Hz coherence is observed in Fig. 5.13f.
As seen in Fig, 5.13d,e, 15-35Hz coherence has been suppressed compared with the

previous flexion posture. However small coherence, just over the confidence limit
can be observed in both plots for 15-35Hz and 35-50Hz bands.

While the cumulant for ECRL\BBLH muscles in Fig. 5.13i shows no
statisticaly significant synchronisation features, the ECRL\FCR and FCR\BBLH
pairs (Fig. 5.13g,h) show statisticaly significant 10Hz coupling in agreement with the
corresponding coherence plots. Similar to the movement flexion phase both plots
contain a central trough. However differences in the shape and the timing of the
overall plot suggest differences in the nature of synchronisation. The cumulant plots
and their frequency components will be examined in detail later.

Fig. 5.14 illustrates that ECRL\FCR EMGs are coupled in the 0-6Hz band.
The synchronisation is out of phase and the delay given by the central trough of the

cumulant (Fig. 5.14a) is -2ms while the corresponding phase estimate is similar at -
2.0+£27.0ms despite the high error.

The cumulant density component is also shown for the 6-13Hz band for the
ECRL\FCR muscle pair in Fig. 5.14b. There is a central broad trough at -3 ms,
revealing “out of phase” synchronisation. The two positive sidebands are located at -
53ms and +50ms. The phase of the ECRL with the inverted FCR EMG is -4,7+4.5,

similar to the cumulant prediction, which means that the FCR has a small lead over
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Fig. 5.14 Cumulant plot for ECRL\FCR EMGs during movement extension. The red
plot represents the cumulant estimate for the whole 0-500Hz spectrum and the blue
plot represents the estimate for the frequency band indicated at the top of the plot.
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Fig. 5.15 Cumulant plot for FCR\BBLH EMGs during movement extension. The red

plot represents the cumulant estimate for the whole 0-500Hz spectrum and the blue
plot represents the estimate for the frequency band indicated at the top of the plot.
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Fig. 5.16 Cumulant plot for ECRL\BBLH EMGs during posture flexion. The red plot
represents the cumulant estimate for the whole 0-500Hz spectrum and the blue plot
represents the estimate for the frequency band indicated at the top of the plot.
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the ECRL EMG. During movement extension (Fig. 5.14b) and movement flexion
(F1g. 5.4b) the cumulant plots appear very similar. The amplitude lag is close to Oms
for both cases and the negative peak may indicate inhibitory interaction between the
two EMGs. Also considering the lack of strong 10Hz content in the driving agonist
ECRL spectral estimate, it is unlikely that a loop mechanism is responsible for the
very strong FCR 10Hz content, and the resulting coherence. It is more likelSr that the
CNS 1s driving directly the ECRL and FCR, by two out of phase signals of central
origin.

The 0-5Hz band in Fig, 5.15a illustrates strong “in phase” synchronisation
with delay of -8ms according to the cumulant. The phase derived a similar estimate

of -9.7+34.3ms, however the error was high, which is often the case when for the

method is used for frequencies below 8Hz. Fig. 5.15b shows the cumulant plot for
the 5-13Hz band for the FCR\BBLH pair. The main coupling feature appeared at
11Hz 1n the corresponding coherence plot (Fig. 5.13e¢). The main cumulant
component features are a trough at 78ms and a peak at 28ms of similar absolute
magnitude. The phase plot derives a latency of 29.5+2.8ms which suggests that the
second value expresses the lag between the “in phase™ synchronised EMG signals.

The shape of the cumulant has a highly oscillatory form which suggests that a

common oscillatory input (in a form of a reflex loop) rather than short term
synchronisation could be responsible for the observed phenomenon. A similar

cumulant plot was observed for the same pair during flexion movement with a 21ms
lag (Fig. 5.5b).

Fig. 5.16 illustrates out of phase coupling between ECRL\BBLH within 1-
6Hz during movement extension. The cumulant suggests a 6ms delay while the

corresponding phase was too large (2.9+21.5ms). There was no coupling in the same

band during movement flexion (Fig. 5.5)).
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Fig. 5.17 Frequency characteristics of ECRL, FCR and BBLH EMGs, during posture
extension. The frequency characteristics include powers spectral estimates for the
three EMGs on the first row of plots (a, b, ¢), with the small vertical lines at the top
right give the estimated magnitude of a 95% contidence interval. The second row of
plots (d, e, f) gives the coherence estimates between all three pairs of EMGs. The
green horizontal line represents the estimated upper 95% confidence limit. The third
row of plots (g, h, i) corresponds to the cumulant estimates for the current phase for
the same pairs of muscles corresponding to coherence plots. The horizontal line at
zero is the asymptotic value and the green horizontal lines are the estimated upper
and lower 95% confidence limits. The fourth row (j, k, 1) represents the phase
estimate for the same pairs, where there 1s significant coherence. The blue line
represents the phase as calculated and the red 1s the phase calculated when one of the
rectified EMG records was inverted.
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5.1.3.4 Posture extension phase EMG coupling

Fig. 5.17 demonstrates the pooled results for the three recorded EMGs;
(ECRL, FCR and BBLH) during extension posture. A low frequency component (0-
6Hz) is seen in the ECRL and FCR spectra (Fig. 5.17a,b) while it is absent from the
BBLH spectrum (Fig. 5.17c). This feature could either be of neurological origin or
the result of low frequency modulation of the EMG due to biomechanical properties
of the wrist (Lakie, Walsh et al. 1984; Milner 2002). This low frequency activity 1s
also illustrated as comodulation in ECRL\FCR coherence (Fig. 5.17d). Power spectra
show 8-12Hz and 15-25Hz peaks for all 3 muscles with 15-25Hz band dominating

the spectrum of the ECRL (Fig. 5.17a) and 10Hz dominance for the spectra of FCR
and BBLH (Fig. 5.17b,¢). I

The ECRL\FCR pair appears synchronised for a wide range of the beta band
(10-30Hz) and the gamma band (35-48Hz) (Fig. 5.17d). FCR and BBLH show

statisticaly significant coherence in the 20Hz area but also a prominent peak at 14Hz

and 6Hz. The coherence for the ECRL and BBLH muscles is smaller than the other
two pairs but still statisticaly significant in the region of 20Hz. A small coherence
peak is also seen at 14Hz for the same pair. It is important that high coherence at 15-:
25Hz can be observed for the two muscle pairs (ECRL\FCR in Fig. 35.174,
FCR\BBLH in Fig. 5.17¢) but it is much lower for the ECRL\BBLH pair. The
frequency distributions of the coherence features are also different. In the
corresponding plots for flexion posture (Fig. 5.84,e,f) the coherence features were all
strong and with a similar frequency distribution. Therefore a functional
differentiation emerges in the way the muscles are synchronised between the two

phases of posture; posture flexion and posture extension.

Observing the cumulant plots for ECRL\FCR and FCR\BBLH (Fig. 5.17g,h)

it emerges that both contain a statisticaly significant narrow central peak, suggesting

short term synchromisation with The ECRL\FCR peak showing the strongest
synchronysation. The ECRL\BBLH shows weak synchronisation (Fig. 5.17i).
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Fig. 5.18 Cumulant plots for ECRL\FCR EMGs during posture extension. The red
plot represents the cumulant estimate for the whole 0-500Hz spectrum and the blue
plot represents the estimate for the frequency band indicated at the top of each plot.
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Examining the ECRL\FCR pair cumulant estimates in detail in Fig. 5.18a,
low frequency “in phase” EMG comodulation can be observed within the 0-6Hz

band the cumulant shows a -15ms delay while the phase gives -16.0+25.1ms
suggesting that FCR is leading ECRL.

Examining the same ECRL\FCR cumulant within the 8-14Hz band in Fig.
5.18b a feature of approximately 10Hz is present, not obvious in the wideband
cumulant plot. There are two main features with similar absolute amplitude, a trough

at -51ms and a peak at -5Sms. The phase estimates derives -6.0+3.7ms delay which

indicates that -5ms the peak is the dominant feature. This suggests “in phase”
synchronisation in this frequency band with FCR having a slight lead over the ECRL
EMG.

For the main coherence feature seen at 14-33Hz in Fig. 5.18¢ the cumulant
shows a Oms lag and secondary features associated with 22Hz synchronisation. The
phase plot also derives a similar delay at 0.0+0.6ms. The cumulant for the 33-48Hz
feature in Fig. 5.18d gives statisticaly significant coupling indicating synchronisation
around 37Hz, with a central peak at Oms. The corresponding phase gives a similar

near zero delay estimate at -0.3+0.4ms.

The FCR\BBLH coherence plot (Fig. 5.17¢) contains a number of distinct

features. Fig. 5.19 illustrates the cumulant density analysis for the different
frequency bands. Within the 0-4Hz range the cumulant peak shows a 31ms delay
while the corresponding phase gives 29.3+34.3ms. This suggests that FCR is leading
the BBLH for the specific frequency band. That makes it unlikely to be of central
origin because of the closer proximity of BBLH to CNS than of FCR. If central
descending command was underling the coupling in this band BBLH should be

leading FCR. Therefore some sort of reflex mechanism should be generating this

synchronisation.
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Fig. 5.19 Cumulant plots for FCR\BBLH EMGs during posture extension. The red
plot represents the cumulant estimate for the whole 0-500Hz spectrum and the blue
plot represents the estimate for the frequency band indicated at the top of each plot.
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Fig. 5.20 Cumulant plot for ECRL\BBLH EMGs during posture extension. The red
plot represents the cumulant estimate for the whole 0-500Hz spectrum and the blue
plot represents the estimate for the frequency band indicated at the top of the plot.
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The cumulant estimate for the 4-9Hz band (Fig. 5.19b) reveals a central peak
at Oms and suggests 6Hz coupling. The phase does not give a valid result and
contains ‘a large error. The cumulant for the 9-16Hz band (Fig. 5.19¢) shows a peak

at Sms and has a highly oscillatory shape. The phase plot gives a fairly close estimate
at 3.4+3.0ms. The last statisticaly significant feature lies in the 16-26Hz band (Fig.

5.19d) and the cumulant estimate gives a positive peak at -1ms and an oscillatory

form. The phase derives a similar value of 0.4 + 1.9ms.

Comparing the coherences for ECRL\FCR and FCR\BBLH pairs in Fig. 5.17,

a symmetric shape of the coherence plot around the dominant frequency for the first
pair 1s apparent. This is not the case for the second where a rapid decline is observed
after the 24Hz.

The ECRL\BBLH coupling shows a weak coherence feature in the 17-25Hz
band (Fig. 5.20). The cumulant plot shows synchronisation features just over the
confidence limit. It shows a pdsitive peak and a latency of -2ms. The dominant
coupling frequency is at 20Hz. The phase plot gives a similar delay at -1.5+3.2ms.

The corresponding coupling feature during flexion posture for the same pair of

muscles was considerably stronger.
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Table 5.1 Power spectral features appearing in EMG during the four motion phases.
The frequency spectrum has been separated in four bands and the central frequency
of the most important feature in each band 1s shown.
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Table 5.2 Intermuscular coupling features appearing during the four motion phases
(ECRL\FCR, FCR\. The frequency spectrum has been separated in four bands and
the central frequency and delay of the most important feature in each band is shown.

Black colour represents in phase coupling while red colour represents out of phase
intermuscular coupling.
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5.1.3.5 Summary

Table 5.1 and Table 5.2 contain the summarised results from the current

experiment. The frequency spectrum has been separated in 4 different bands: 0-5Hz,
5-15Hz, 15-35Hz and 35-50Hz. The peak frequency of the main coherence features
in each band appears in each cell. The delay derived by the cumulant central peak or
trough is also included, when verified by the phase curve delay estimation based on

the weighted least squares regression. Only the main features were included; the

magnitude of the coherence peak had to be at least two times greater than the

confidence limit. The main findings of the results were:

. High coupling was observed centred around 10Hz between wrist agonist and
antagonist during flexion and extension movements, which is probably of central
origin. The ECRL\FCR EMGs were coupled “out of phase” and with zero delay.
This coherence was completely suppressed during posture flexion. The kind of

synchronisation appears to be a common oscillatory input with independent Poisson
processes as it appears in Appendix 8.4.4-Example 4 (Fig.8.30, Fig.8.31). A model

that can better describe the out of phase nature of the signals can be seen in
Analytical Methods 4.4.3 (Fig.4.6, F1g.4.7)
° ECRL\FCR and FCR\BBLH EMG pairs showed strong coupling during

movement at 10Hz, but no coupling was observed in the same frequency between

ECRL\BBLH. FCR\BBLH coupling was “in phase” and delay suggested that FCR
leads BBLH by 22-28ms during movement flexion-extension despite the fact that

BBLH 1s located closer to the CNS, suggesting that a peripheral reflex mechanism
may be the underlying cause. The kind of synchronisation appears to be a common
oscillatory input with independent Poisson processes as it appears in Appendix 8.4.4-
Example 4 (F1g.8.30, Fig.8.31) with the only difference that delay is also introduced.

. High coherence was present between agonist and antagonist in the 15-35Hz
band, centred around 21Hz occurred during posture extension and posture flexion
between ECRL\FCR agonist and antagonist. The coupling was “in phase” with
delays between the signals close to zero. Short term synchronisation of central origin
appears to cause this activity. This coupling was suppressed during movement. The
kind of synchronisation appears to be short term synchronisation. This appears

similar to a common oscillatory input with common Poisson processes model as it
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appears in Appendix 8.4.4-Example 4 (Fig.8.29, Fig.8.30). There 1s also some
resemblance with the model presented in Appendix 8.4.3-Example 3-Non oscillatory

inputs producing oscillatory output. However the strong power spectra harmonics

and the not well defined coupling features appearing in the simulated data do not

suggest this model as a valid explanation of the coherence behaviour.,

. FCR\BBLH were synchronised at 10Hz during posture and movement but
with different coupling characteristics for posture and movement indicating that
different physiological mechanisms may be involved.

. High 1-5Hz ECRL\FCR coupling was present during posture and movement.
During movement it had “out of phase” synchronisation properties while during

posture it was “in phase” synchronisation. The neurogenic or biomechanical origin is

not clear and needs to be further investigated.
o High ECRL\FCR coherence between 35-50Hz was present during posture

extension, while absent during posture flexion.

. The most statisticaly significant power feature was the high antagonist FCR
10Hz feature during movement and the absence of a clear 10Hz feature for the ECRL

agonist during extension movement. Similarly ECRL demonstrated high 10Hz

during flexion movement.
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Fig. 5.21 Monopolar (A) and bipolar (B) multichannel EEG montages showing the
main motor anatomical motor areas.
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5.1.4 Cortical and Corticomuscular frequency characteristics.

As shown before, task dependent synchronisation occurs between muscles
involved in postural or movement tasks. During posture, synchronisation occurs
centred around the 10Hz and 20Hz bands while for movement the 20Hz coupling
may get suppressed while there is still coupling at 10Hz. Various groups have
suggested the supraspinal origin of the 10Hz and 20Hz EMG frequency modulations
(Vallbo and Wessberg 1993; Salenius, Portin et al. 1997). Some evidence supporting
the central origin or contribution of the under discussion frequencies has already

been presented in the previous section examining EMG signals. The frequency
characteristics of the EEG signal in relation with the EMG signal are now going to be
examined. Similar analysis methods with the ones previously used for EMG signals
were employed

Before the application of the analytical methods that have already been
described, the move-hold data had to be prepared and organised according to the
individual phases in the same way that the data was prepared for the analysis of the
EMG. Data from the same move hold sequence were used so the results are directly
comparable with the previous section. The data for each one of the four phases, for
each of the 21 trials and for every subject, were segmented and reshaped to produce a
single record representing one specific task phase. The frequency estimate of that
record corresponded the specific task and to the pooled estimate representing

common intersubject characteristics. Only the data 200ms after the audio cue
(indicating the start of a phase) to 200ms before the next cue (indicating the end of
the phase) were used. In this way 400ms from each phase were discarded, in order to
ensure the subject was actually performing the current task and avoid any effect of
poor synchronisation with the audio cues and reaction time lag.

The spatial characteristics (distribution of features over the scalp) of the
cortical signals are also of great interest. For this reason multiple monopolar channels
(Fig. 5.214) over the ipsilateral and contralateral motor cortex were recorded in order
to examine the variations of localised signals over a wide area. Bipolar recordings
were also produced by generating montages of bipolar electrodes in both vertical and
horizontal directions by means of subtracting the records corresponding to the

bipolar electrode pairs as shown in Fig. 5.21B. In this way the identification
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frequency characteristics and corticomuscular coupling between individual muscles
and a widespread area over the motor cortex was possible. The cortical area
examined included the contralateral and ipsilateral primary motor and sensory
cortices, the premotor area and the SMA.

During the analysis a number of parameters were calculated, corticomuscular
coherences between all three muscles and monopolar or bipolar EEG channels as
well as cumulant densities and phases. Intracortical spectral estimates were also

calculated. Given the sheer scale of the number of graphs generated, only the most

representative have been included.
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5.1.4.1 EEG Power Spectral density task dependent features

During the move-hold sequence task EEG recordings were acquired. In order
to examine task dependent changes in the power spectral power of EEG signals the

corresponding to the movement phase, monopolar and bipolar power spectral density
plots were created and they are included in Appendix 8.2. These plots demonstrated

some interesting features throughout the whole examined power spectrum:

. Very high delta (0-3Hz) and high theta (4-7Hz) frequency content during all

move-hold sequence phases.

. Distinct alpha (8-13Hz) features during all move-hold sequence phases that
appear in central electrodes and reach a maximum in centroparietal

electrodes. These features were laterally symmetrical.

. Beta features were always present and increased mainly during posture.
. Gamma features did appear but with no clear organisation and task
‘dependency.

It was not possible to extract more information in the way the EEG power
spectral plots were presented. Plotting the differences of the spectral estimates (rather
than individual phase spectral estimates) for successive movement or posture phases
revealed the task modulation in a more comprehensive manner. For example the
EEG spectral power modulation between movement flexion and posture flexion was

derived by simple arithmetic subtraction of the spectral estimates for corresponding
channels during these two phases. The scale and improved magnitude resolution of

the produced plots allowed small differences to emerge in a way that can be easily
identified.
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Fig. 5.22 EEG monopolar power spectral difterence map between movement flexion
and posture flexion; pooled power spectral maps. The labels represent the relative
position of the electrodes over the head. The green vertical line indicates the
magnitude of a 95% confidence interval for the spectral estimates.
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Fig. 5.23 EEG bipolar power spectral difference map between movement flexion and
posture flexion; pooled power spectral maps. The labels represent the relative
position of the electrodes over the head. The green vertical line indicates the
magnitude of a 95% confidence interval for the spectral estimates.
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5.1.4.1.1 EEG spectral changes between movement flexion and posture flexion.
Fig. 5.22 displays the monopolar EEG power spectral differences between
posture flexion and movement flexion. It demonstrates an increase in the posture

tlexion power spectrum throughout the whole examined spectrum for the majority of
the electrodes. This increase mainly took place in the alpha and beta bands. 10 and
20Hz features were higher in the contralateral central and centroparietal electrodes
(G5, C3, C1, CPS, CP3 and CP1) while the main beta feature in the ipsilateral cortex
was closer to 24Hz (F2, F4, FCZ, FC2, FC4, CZ, C2, C4 and C6). The most obvious

decrease features were observed for the ipsilateral frontal and frontocentral
electrodes in the high beta and gamma bands with negative peaks at 32 and 40Hz
(FZ, F2, F4, F6, FC2, FC4 and FC6). A number of high beta and gamma increase

features were present in the contralateral cortex with the most prominent located in
the contralateral frontal and frontocentral areas.

Increase in the 0-SHz power during flexion posture (compared to movement
flexion) was also observed. This increase is higher in frontal and frontocentral
electrodes and also higher in ipsilateral electrodes. The highest such increase was
observed in F6 electrode.

Fig. 5.23 demonstrates the corresponding bipolar EEG powers spectral
differences between movement flexion and posture flexion. It contained analogues
changes in similar frequency bands with a different spatial distribution than the
monopolar plot. Increase in the beta power during posture flexion was present for a
number of electrodes mainly in frontocentral and central areas. The highest increase
having a peak at 21Hz was given by the FC1-C1 bipolar electrode pair. 10Hz
features were present for a number of electrodes but they were not as distinctive as
the ones observed in the corresponding monopolar map. The most statisticaly
significant alpha features were observed for CP5-CP3, CP3-CP1, CP1-CPz, CPz-
CP2, CP2-CP4, and CP4-CP6. A considerable decrease in high beta and gamma
bands was also present for contralateral and medial centroparietal electrodes as well
as meﬂial and ipsilateral frontocentral and central felectrode pairs (CP3-CP1, CP1-
CPZ, CZ-C2, FC2-C2, C2-CP2, C2-C4, FC4-C4 and C4-CP4). The 0-5Hz bang

showed increased power for all the electrodes taking its highest in the contralateral

central and frontal electrodes.
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Fig. 5.24 EEG monopola.r power spectral difference map between posture flexion
and movement extension, pooled power spectral maps. The labels represent the
relative position of the electrodes over the head. The green vertical line indicates the
magnitude of a 95% confidence interval for the spectral estimates.
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Fig. 5.25 EEG bipolar power spectral difterence map between posture flexion and
movement extension, pooled power spectral maps. The labels represent the relative
position of the electrodes over the head. The green vertical line indicates the
magnitude of a 95% confidence interval for the spectral estimates.
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5.1.4.1.2 EEG spectral changes between posture flexion and movement extension.

Fig. 5.24 displays the monopolar EEG power spectral difterences between
posture flexion and movement extension. Spectral power for most of the electrodes
has decreased over the examined frequency spectrum. The most significant changes
take place in the contralateral cortex. Alpha (12Hz) beta (21Hz) and gamma (38Hz)

features show a decrease especially for contralateral central and centroparietal

electrodes (CS5, C3, CP5 and CP3). Beta activity decreased for all the electrodes

around the same 22Hz frequency. The main power increase features were observed

for ipsilateral frontal electrodes at 40Hz and 46Hz (F4 and F6) and for 0-5Hz for

most contralateral electrodes and especially contralateral central and centroparietal
electrodes.

Fig. 5.25 demonstrates the corresponding bipolar EEG power spectral
differences between posture flexion and movement extension. The most prominent

feature is the feature expressing reduction in the beta band (21Hz) which appears for
FCI-C1 electrode pair. Reduction of activity occurs for a number of electrodes in
Frontocentral central and centroparietal electrodes. However the large and sharp
decrease in the beta band appears to be localised for FC1-Cl1 electrode site. Decrease

in the gamma coherence also appears for a number of electrodes and especially for

contralateral central and centroparietal electrodes (C5-C3, C5-CP5 and CP5-CP3).
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Fig. 5.26 EEG monopolar power spectral difference map between movement
extension and posture extension, pooled power spectral maps. The labels represent
the relative position of the electrodes over the head. The green vertical line indicates
the magnitude of a 95% confidence interval for the spectral estimates.
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Fig. 5.27 EEG bipolar power spectral difference map between movement extension
and posture extension, pooled power spectral maps. The labels represent the relative
position of the electrodes over the head. The green vertical line indicates the
magnitude of a 95% confidence interval for the spectral estimates.
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5.1.4.1.3 EEG spectral changes between movement extension and posture
extension.

Fig. 5.26 displays the monopolar EEG power spectral differences between

posture flexion and movement flexion. It demonstrates an increase in the ’posture

flexion power spectrum throughout the whole examined spectrum for all examined

electrodes. The most important increase features appear in theta, delta, alpha, beta
and gamma bands. 0-5Hz shows higher increase for ipsilateral electrodes. Sharp

features centred around 11Hz are very clear for central and centroparietal electrodes

especially in the contralateral side. Wide beta increase features centred around 22Hz
appear throughout the cortex and especially for contralateral centroparietal (C3, Cl,
CZ, CP5, CP3, CP1 and CPZ) and medial frontal and frontocentral electrodes (F1,
FZ, F2, FC1, FCz and FC2). High beta and gamma features are also present for most
monopolar power spectra.

Fig. 5.27 demonstrates the corresponding bipolar EEG power spectral
differences between movement and posture extension. The vast majority of
electrodes increased their spectral power during posture extension (compared to
movement extension). The most prominent increase features appeared in beta band
and especially for FC1-C1 electrode for which the highest increase occurs. Less
important increase in the same band occurs for several frontocentral central and

centroparietal electrodes. Smaller alpha increase features for posture extension

appear especially in central and centroparietal electrodes. Gamma increase features

are also present with the highest occurring in the ipsilateral frontal area (F2-F4 and

F4-FC4) always compared to the movement extension.
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Fig. 5.28 EEG monopolar power spectral difference map between posture extension
and movement flexion, pooled power spectral maps. The labels represent the relative
position of the electrodes over the head. The green vertical line indicates the
magnitude of a 95% confidence interval for the spectral estimates.
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Fig. 5.29 EEG bipolar power spectral difference map between posture extension and
movement flexion, pooled power spectral maps. The labels represent the relative
position of the electrodes over the head. The green vertical line indicates the
magnitude of a 95% confidence interval for the spectral estimates.
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5.1.4.1.4 EEG spectral changes between posture extension and movement flexion.

Fig. 5.28 displays the monopolar EEG power spectral differences between
posture extension and movement flexion. Changes were observed throughout the
whole examined frequency spectrum.

0-5Hz decreased during movement flexion for all electrodes with the most
substantial reduction occurring for frontal electrodes. 10Hz activity also decreased
especially in contralateral central centroparietal electrodes like C5, CPS, C3, CP3, Cl
and CP1 where a distinct negative peak at 11Hz is present expressing the power
decrease. Beta power decrease during movement also occurs for the same set of
electrodes and medial ipsilateral frontocentral and central electrodes. High beta and
gamma increase during flexion movement compared to extension posture for
1psilateral and contralateral frontal and frontocentral electrodes (FS5, F3, Fl, FZ, F2,

k4, F6, FCS5, FC3, FC1, FC4 and FC6).
Fig. 5.29 demonstrates the corresponding bipolar EEG power spectral

differences between posture extension and flexion movement. The most important
changes appear in the beta and gamma bands. Decrease in the beta band occurs for a
large number of electrodes. FC1-C1 demonstrates once more the highest change in
the form of a high peak expressing the suppression in beta activity during flexion
movement compared to extension posture. A large increase occurs for high beta and

gamma bands for contralateral centroparietal electrodes (CP3-CP1, CP1-CPz and

C1-CP1). Gamma and high beta increase also occurs for a number of electrodes in
ipsilateral electrodes in frontocentral and central areas (Cz-C2, FC2-C2, C2-CP2 and
C2-Cz). Small alpha suppression features are also present (FC3-C3, FC1-Cl and C1-

Cz) however these features are much smaller than alpha suppression features that

occurred 1n the corresponding monopolar map (Fig. 5.28).

146



-

-
™

147A



5.1.4.2 Topographic maps of EEG spectral power

The results that are going to be presented are in fact a different illustration of
the results presented in Fig. 5.22-Fig. 5.29 showing the spatial characteristics of EEG
power differences during the four different phases of the move-hold sequence as
monopolar and bipolar maps. These maps consist of plotting two dimensional plots
of the frequency characteristics over a relative position that corresponds to the
respective electrode site over the cortex. In this way the spatiotemporal changes over
the examined spectrum were observed and the main EEG spectral power features
were 1dentified. Alpha, beta and gamma features were identified. The most
distinguished features were changes in the alpha and especially the beta EEG power.

The bands were the most considerable task dependent variation occurs were
1dentified as 8-12Hz for the alpha band and 17-23Hz for the beta band. Spectral
power and changes in power within those confines were visualised as topographic
maps of a scalp data field in a 2-D circular view using interpolation on a fine
cartesian grid. The positions of the electrodes were also indicated on the topographic
maps. By illustrating the data in this way it was possible to present the spatial, task

dependent characteristics for the specific bands that changes are most likely to occur

In an easy to comprehend way.

The topographic maps were presented in a configuration that also included
the wrist angle information derived by the goniometer information. In this way it was

possible to demonstrate in a graphical way of the movement phase that each map
represents.
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8-12 Hz Monopolar EEG Power
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Fig. 5.30 EEG monopolar spectral power (A-D) and changes in power (E-H) within
8-12Hz band visualised as topographic maps of a scalp data field in a 2-D circular
view using interpolation on a fine cartesian grid. The positions of the electrodes are
indicated on the topographic maps. The maps present the spatial, task dependent
characteristics for the 8-12Hz that changes are most likely to occur. Dark red
represents the highest value while dark blue represents the lowest value. The top plot
represents the wrist angle information derived by the goniometer demonstrating in a
graphical way the movement phase that each map represents. The green vertical lines
represent the audio cues while the interval between the red vertical lines represents

the transition phases for which data was discarded. The difference maps are: E=A-D,
F=B-A, G=C-B, H=D-C.
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Fig. 5.30 shows the monopolar EEG 8-12Hz alpha spectral power modulation
during the move-hold sequence. The results are pooled across 21 trials and 9 subjects
as the results presented in the previous sessions. Fig. 5.304,B,C,D illustrate the

topographic map of interpolated absolute 8-12Hz power data while Fig. 5.30E,F,G,.H

show the difference between the current phase and the previous phase. for example

Fig. 5.30F displays the power during posture flexion after subtracting the
corresponding power during flexion movement. Because of the task dependent

variations were small compared to the total power, presenting the differences

increased the resolution of the given colourmap.

Fig. 5.304 shows the 8-12Hz monopolar alpha power during flexion
movement. The highest activity for the specific frequency band can be observed for
the medial electrodes while the lowest can be observed for the lateral electrodes. An
asymmetry can be observed with contralateral drop in power to be greater than for
the ipsilateral monopolar electrodes. A different distribution of power can also be

observed for the rest of the phases with medial electrodes showing the highest
activity and contralateral and ipsilateral the lower with the contralateral monopolar

electrodes showing the lowest. However ihe overall power level appears to be hi gher
during posture than during movement. This is confirmed by Fig. 5.30F,H that
expresses the variation of alpha power from movement flexion to posture flexion and
movement extension to posture extension. Both topographic maps show an increase
in alpha power during posture. The increase is not uniform and is higher for
contralateral centroparietal electrodes for flexion posture and contralateral
centroparietal and frontal electrodes during posture extension. Decrease in 8-12Hz is

greater for centroparietal electrodes during movement flexion and frontal electrodes

during extension movement.

148



17-23 Hz Monopolar EEG Power
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Fig. 5.31 EEG bipolar spectral power (A-D) and changes in power (E-H) within 8-
12Hz band visualised as topographic maps of a scalp data field in a 2-D circular view
using interpolation on a fine cartesian grid. The positions of the electrodes are
indicated on the topographic maps. The maps present the spatial, task dependent
characteristics for the 8-12Hz that changes are most likely to occur. Dark red
represents the highest value while dark blue represents the lowest value. The top plot
represents the wrist angle information derived by the goniometer demonstrating in a
graphical way the movement phase that each map represents. The green vertical lines
represent the audio cues while the interval between the red vertical lines represents

the transition phases for which data was discarded. The difference maps are: E=A-D,
F:B-A, G=C-B, H=D'C.
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Fig. 5.31 demonstrates the topographic map of 8-12Hz EEG power for

vertically aligned bipolar electrodes. A pattern of activity appears where a

continuous trough of low activity appears for contralateral central extending to the

medial frontal electrodes. A more localised low point appears in central ipsilateral
electrodes. In a similar fashion to the corresponding monopolar maps in Fig.
5.304,B,C,D the power at the ipsilateral site is higher than at the contralateral site.
One more common feature with the corresponding monopolar maps is the

suppression of alpha power during movement. The suppression is better illustrated 1n

the 8-12Hz power differences between -consequent phases shown in Fig.
5.31E,F,G,H. More specifically the Fig. 5.31E shows the difference in alpha power
between movement flexion and posture extension. The alpha powef follows the
general power decrease while it is even further suppressed for frontal and
frontocentral ipsilateral electrodes and the central and centroparietal electrodes
contralateral electrodes. This suppression was inversed during flexion posture when

an increase in power occurs in similar sites. The distribution of the suppression

during movement extension (Fig. 5.31G) is slightly different, with the contralateral

suppression site more frontally located. However the same pattern of activity with
one ipsilateral and one contralateral site is present. Similar is the situation during
posture extension where the recovery of the 8-12Hz power occurs in both ipsilateral

and contralateral sites, with fontal electrodes also increasing their activity.

Both monopolar and bipolar topographic alpha power maps show distinct
changes between different phases. The most important is the general power increase
during posture and its suppression during movement. There are also differences

between the two posture phases as well as between the two movement phases.

Movement flexion and movement extension are followed by suppression of activity

with a different distnibution. Posture extension is connected with a different

distribution in the alpha power increase than posture extension. Both general alpha
power 'variation and suppression or rise distribution are more distinct for the
monopolar maps than the bipolar. In simple terms it is easier to identify transition
from one phase to the following phase by monitoring the differences of the

corresponding topographic map of the alpha power spectral differences by

monitoring the monopolar map than by monitoring the bipolar map.
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8-12 Hz Bipolar EEG FPower
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Fig. 5.32 EEG monopolar spectral power (A-D) and changes in power (E-H) within
the 17-23Hz band visualised as topographic maps of a scalp data field in a 2-D
circular view using interpolation on a fine cartesian grid. The positions of the
electrodes are indicated on the topographic maps. The maps present the spatial, task
dependent characteristics for the 8-12Hz that changes are most likely to occur. Dark
red represents the highest value while dark blue represents the lowest value. The top
plot represents the wrist angle information derived by the goniometer demonstrating
in a graphical way the movement phase that each map represents. The green vertical
lines represent the audio cues while the interval between the red vertical lines

represents the transition phases for which data was discarded. The difference maps
are: E=A-D, F=B-A, G=C-B, H=D-C.
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Topographic maps in Fig. 5.324,B,C,D show the distribution of the 17-23Hz
beta power of topographic electrodes. There is a similar pattern for all three phases

where alpha appears to be lower in medial frontal electrodes and show a minimum at

lateral central and centroparietal electrodes. The beta power is lower for the

contralateral site. The highest beta power occurs at contralateral and ipsilateral

frontal electrode sites. As with central and centroparietal electrodes there is an

asymmetry. This time however higher beta power occurs for the contralateral frontal

monopolar electrodes.

The topographic maps also reveal a general increase of beta power during
posture and suppression during movement. This modulation in power is better
llustrated 1n the topographic maps expressing the differences in monopolar beta
power (Fig. 5.32E,F,G,H). 1t is clearly demonstrated that the beta power is higher

during posture than during movement. It is also demonstrated that there are two

centres of the beta power suppression and increase located in the ipsilateral and
contralateral central and centroparietal sites. Medial frontal and frontocentral

electrodes also show analogous modulation. During movement flexion the
suppression is greater at the ipsilateral site (Fig. 5.32E) while during movement
flexion the main suppression takes place at the contralateral site (Fig. 5.32E). During

both posture flexion and extension the main increase in power occurs at the
ipsilateral site (Fig. 5.32F,H)
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17-23 Hz Bipolar EEG Power
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Fig. 5.33 EEG bipolar spectral power (A-D) and changes in power (E-H) within 17-
23Hz band visualised as topographic maps of a scalp data field in a 2-D circular view
using interpolation on a fine cartesian grid. The positions of the electrodes are
indicated on the topographic maps. The maps present the spatial, task dependent
characteristics for the 8-12Hz that changes are most likely to occur. Dark red
represents the highest value while dark blue represents the lowest value. The top plot
represents the wrist angle information derived by the goniometer demonstrating in a
graphical way the movement phase that each map represents. The green vertical lines
represent the audio cues while the interval between the red vertical lines represents

the transition phases for which data was discarded. The difference maps are: E=A-D,
F=B-A, G=C-B, H=D-C.
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Fig. 5.334,B,C,D show the distribution of the vertically aligned bipolar EEG

channels for the 17-23 beta power during the move-hold sequence.

The corresponding power differences between consequent phases for the 17-
23Hz beta band that appear in Fig. 5.33E,F,G,H show a similar spatial organisation.
Two main centres of power suppression and recovery appear. Both overly the site
that correspond to the motor cortex. The contralateral site show notably higher
variation than the ipsilateral one. More specifically 17-23Hz beta band increases
during posture flexion mainly over the contralateral motor cortex with smaller
increase also occurring for the ipsilateral cortex. This activity is suppressed during
extension movement to be re-established during posture extension. The centre of the
beta power and corticomuscular coherence topographic features overlies the bipolar
FC1-C1 electrode where the highest beta corticomuscular coherences occurred. This

area corresponds to the contralateral pnnmary moor cortex.

Both monopolar and bipolar topographic beta power maps show distinct
changes between different phases. The most important is the general power increase
during posture and its suppression during movement which also occurred for the
alpha and beta band. There are small differences between the two posture phases as
well as between the two movement phases for the monopolar map. For the equivalent
alpha monopolar maps the differences were more noteworthy. The distribution of
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