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Is the synchronization between pallidal and muscle
activity in primary dystonia due to peripheral
afferance or a motor drive?
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The pathophysiological mechanisms of primary dystonia have largely remained obscure. Yet there is one undeni-
able observation: lesioning or high-frequency stimulation of the internal segment of the globus pallidus (GP)
ameliorates dystonic symptoms. The latter observation implicates abnormal pallidal activity in the genesis of
primary dystonia. Recently, excessive oscillatory pallidal activity in the 3-10 Hz frequency range, synchronized
with dystonic EMG, has been related to the occurrence of involuntary muscle activity in these patients.
However, it is unclear whether this pathological synchronization is driven by GP, caused by re-afference from
dystonic muscle, or due to a combination of these two processes. Here we used the Directed Transfer Function
as a spectral measure to identify the degree and direction of coupling across time between GP and muscle in
seven patients with primary dystonia.We show that pallidal local field potential activity < 10 Hz is coherent with
dystonic movements, and that although the coupling between GP and activity in the sternocleidomastoid muscle
is bidirectional, the drive from GP to muscle significantly outweighs that from muscle to GP. In addition, the net
GP drive to muscle is not stable but fluctuates across time, in keeping with the dynamic nature of dystonic
muscle activity.
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Introduction (Liu et al., 2002; Siberstein et al., 2003). This pathological

Dystonia is characterized by sustained or intermittent
involuntary muscle contractions causing abnormal postures,
twisting or repetitive movements. Its pathophysiology has
remained unclear. Recent attention has focussed on whether
activity in the globus pallidus (GP) could be abnormally
patterned in dystonia. In particular, it has become
increasingly evident that there is excessive oscillatory
activity between 3 and 10Hz in the local field potential
(LFP) of the pallidum in patients with primary dystonia

LFP activity reflects the synchronization of local pallidal
neurons in this frequency band (Chen et al., 2006b) and
suggests that the abnormal patterning of discharge of single
neurons evident in microelectrode recordings in patients
with dystonia (Suarez et al., 1997; Vitek et al., 1999) may be
locked across populations of local neurons. Importantly,
the pallidal LFP activity in the 3-10 Hz frequency band is
correlated and coherent with involuntary dystonic muscle
activity (Liu et al., 2006; Chen et al., 2006a).
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Table | Patient’s details
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Case Sex Age (years) Disease Distribution Etiology Pre-op BFM-score® Medication
duration (years)

1° M 42 15 Generalized Hereditary 37 -

2b¢ M 36 29 Generalized Hereditary 82 Haloperidol Tiaprid
Lorazepam

3 F 38 12 Generalized Idiopathic 16 -

4° F 62 13 Cervical Idiopathic 34 Propranolol

5be M 64 7 Segmental Idiopathic 23 Diazepam

6° M 74 13 Segmental Idiopathic 12 Tilidin

7be M 40 | Cervical Idiopathic 8 Metoprolol Primidone

Burke-Fahn-Marsden rating scale-score-motor. ®Previously also reported in Chen et al., 2006b. “Previously also reported in

Chen et al., 2006a

Critically, however, it is unknown whether the synchroni-
zation between pallidal and dystonic muscle activities
results from afferent input from muscle to GP, an efferent
drive from GP to muscle or a combination of these drives
leading to bidirectional flow between GP and muscle. The
inferences are very different, and there is evidence to support
the existence of both afferent and efferent drives. On the
one hand, pallidal neurons may respond to peripheral
stimuli and this responsiveness is increased in dystonia
(Lenz et al., 1998). On the other hand, spectral analyses of
EMG signals from dystonic muscles have identified a
pathological descending drive within the 3-10 Hz band with
a presumptive, but unproven, origin in the pallidum of
patients with primary dystonia (Tijssen et al., 2002; Grosse
et al., 2004).

The possibility of bidirectional flow between GP and
muscles implies that standard spectral phase estimates of
temporal relationships between synchronized pallidal and
muscle activities may be unreliable (Cassidy and Brown,
2003). In contrast, another spectral measure, the directed
transfer function (DTF), is able to disentangle synchronized
oscillations in the presence of bidirectional flow (Kaminski
and Blinowska, 1991; Cassidy and Brown, 2003). The DTF
is being increasingly used to determine the direction of
coupling at different frequencies between different regions
of the brain (Korzeniewska et al., 2003; Brovelli et al., 2004;
Sharott et al.,, 2005) and between the brain and muscle
(Mima et al., 2001). However, the static DTF ignores the
fluctuating character of abnormal muscular contraction,
sometimes in the range of seconds, which constitutes one of
the clinical hallmarks of dystonia. Thus, the DTF has been
adapted to allow the serial analysis of short periods of data
in order to capture the temporal dynamics of synchronized
oscillations (Sharott et al., 2005).

Here we estimate time-evolving asymmetrical flow in the
DTF for short overlapping segments across long recordings
of GP and EMG activity, to provide evidence that GP
activity on balance drives neck muscles in dystonic patients
and, furthermore, that this drive demonstrates the dynamic
properties that are at the core of the disorder.

Materials and Methods

Patients and electrode implantation

We examined seven patients (five men, two women; mean age:
51 &£ 15 years; range: 36-74) with primary dystonia (idiopathic or
hereditary) (Table 1) who underwent bilateral implantation of
deep brain electrodes in GPi. In all patients the neck was clinically
affected. Disease duration varied between one and 29 years (mean:
134+9 years) and on the Burke-Fahn—-Marsden (motor) scale
patients scored between 10 and 82 (mean: 31=+25). Except for
cases one and three, all patients were receiving medication for
dystonia.

Patients were recorded 2—6 days post-operatively in the interval
between macroelectrode implantation and subsequent connection
to a subcutaneously placed stimulating device. The operative
procedure and beneficial clinical effects of stimulation have been
described elsewhere (Vitek et al., 1998; Volkmann and Benecke,
2002; Krauss et al., 2003). DBS electrodes were inserted bilaterally.
The macroelectrode used was model 3387 (Medtronic
Neurological Division, Minneapolis, USA) with four platinum—
iridium cylindrical surfaces (1.27mm diameter and 1.5mm
length) and centre to centre separations of 3 mm. Contact 0 and
3 were the lowermost and uppermost contacts, respectively.
Macroelectrodes were connected to a battery-operated program-
mable pulse-generator (Itrel Il or Kinetra 7428, Medtronic) after a
post-operative interval of 3-7 days.

Pallidal electrode trajectories were aimed at the postero-ventral
portion of the globus pallidus internus (GPi) and the posterior
ansa lenticularis. The target was identified on high-resolution
T2-weighted axial, coronal and sagittal MRI planes. These images
were superimposed on coronal and lateral contrast ventriculo-
graphy and drawn on the GP Tailairach Scheme, corresponding
in location to the GP area in the Schaltenbrand and Wahren
atlas (Schaltenbrand and Wahren, 1977). The depth of the lowest
contact was aimed to be at least ] mm above the upper border of
the optic tract. The location of the latter was established using
the intra-operative induction of visual phosphenes by high-
frequency stimulation and/or the measurement of electrical
activity from the optic tract. Intra-operative microelectrode
recordings and macrostimulation were performed in all patients.
The target coordinates for the lower contact were 2-3 mm in front
of the mid-commissural point, 20-22 mm lateral to the midline of
the third ventricle and 4-6 mm below the anterior commissure
(AC)-posterior commissure (PC) line.
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Recordings and analysis

Subjects were seated and recorded at rest, simultaneously with
spontaneous dystonic posturing or movement of the neck. LFPs
were recorded bipolarly from the adjacent four contacts of each
pallidal macroelectrode (contacts 01, 12, 23). They were filtered at
0.5-300 Hz. Simultaneous surface EMG recordings were made
over the sternocleidomastoid (SCM) bilaterally using pairs of
Ag/AgCl electrodes taped 3—4cm apart over the muscle bellies.
EMG was filtered at 16-250 Hz. The high pass band of 16 Hz was
chosen so as to limit the effects of movement artefact. Signals were
amplified and filtered using a custom-made, 9-V battery-operated
portable high-impedance amplifier (which had as its front end
input stage the INA 128 instrumentation amplifier, Texas
instruments, Dallas, TX, USA) and sampled at 625-1250Hz
through a 1401 analogue to digital converter (Cambridge
Electronic Design, Cambridge, UK) onto a portable computer
using Spike2 software (Cambridge Electronic Design).

Data analysis

All analysis was conducted on one long data segment lasting
between 140 and 200s (mean: 191 +22.6s) recorded for each
patient. To maximize the amount of data used, the whole record
was used in each case and post hoc statistical measures used to
normalize for differences in data duration (see later). EMG
signals were DC corrected and rectified before spectral analysis.
All analyses were performed in MATLAB (Mathworks Inc.,
Massachusetts, USA).

FFT analysis

To establish consistency with previous studies, EMG and GP-LFPs
were first analysed in the frequency domain by calculating Fast
Fourier Transform (FFT)-based power and coherence spectra
using 1 Hz frequency resolution. Note that neither this approach,
nor the DTF employed in the main analysis, adequately
characterize non-oscillatory synchrony, which was therefore not
the object of this study. Power was expressed as percentage of total
power over 2-40 Hz to normalize the data across patients. Power
at very low frequencies (<2Hz) was excluded so as to minimize
the contribution of movement, respiration and pulse artefact and
‘DC drift’. The low 40Hz cut-off removed any risk of con-
tamination by mains artefact. These percentage power values were
averaged across LFPs from different contacts and EMGs from the
two muscles for statistical analysis. As the length of the recordings
used was variable and the confidence limit is dependant on the
total number of FFT windows, a confidence limit (95%) was
calculated for each record as described in Halliday et al. (1995).
Coherence values were then Fisher transformed prior to any
averaging. In each frequency bin, the number of significant bins
was then counted across GP-LFP/SCM-EMG combinations in
each patient (any one combination from each patient could
therefore only contribute one significant bin at any frequency),
summed and then normalized to give the percentage of significant
bins at each frequency. The absolute value of the imaginary
coherence, the imaginary part of the standard coherence calcula-
tion, was used as a measure of phase locking without
synchronization at zero phase (Nolte et al., 2004) and was also
Fisher transformed.
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Directed transfer function analysis

A detailed description of the methodology and principles of the
DTF can be found in Kaminski and Blinowska (1991),
Korzeniewska et al. (2003) and Cassidy and Brown (2003). The
DTF technique relies on the key concept of Granger causality
between time series (Granger, 1969), according to which an
observed time series x(n) causes another series y(n) if the
knowledge of x(n)” s past significantly improves prediction of
y(n). The latter relationship between time series is not reciprocal,
i.e. x(n) may cause y(n) without y(n) necessarily causing x(n).
This lack of reciprocity enables the evaluation of the direction of
information flow between structures. To this end, the multiple
autoregressive (MAR) model that best described the signals
coming from the two regions of interest is determined. The
MAR methodology is essential for the DTF, as the DTF is built
directly from the MAR coefficients. Following the procedure
detailed in Cassidy and Brown (2002), a Bayesian methodology
was applied to estimate the parameters of the autoregressive
model. This approach is desirable in that it provides full
probabilistic distributions for all of the model parameters. The
autoregressive coefficients can be used to construct a bounded,
normalized measure (the DTF) that provides information on the
effective direction of coupling.

Two possible methodological limitations of the bivariate DTF
approach used here should be considered further. First, a general
concern in all DTF analyses is whether spurious asymmetries of
information flow can be generated through a poor signal to noise
ratio (SNR) in one or more of the signals under consideration.
This issue has been evaluated with respect to EEG where it has
been noted that estimates are reasonable provided SNRs >3 and
>4800 data samples are available (Astolfi et al., 2005). Our data
sets far exceeded this sample limit and the SNR of LFP signals
likely exceeds that of EEG (Regan, 1989). The SNR of EMG with
respect to descending drives is more difficult to estimate, but it is
noteworthy that the power over 3-10Hz is a major component
of EMG in dystonia (see ‘Results’ section) and this was our band
of interest in the current study. Nevertheless, the morphology of
EMG motor unit spikes should be considered as a source of non-
stationary noise. We tackled this by demodulating the EMG
through rectification and low pass filtering at 40 Hz. However,
more sophisticated pre-processing approaches have also been used
prior to coherence estimations (Wang et al., 2004, 2007).

Second, some methodological and experimental studies advo-
cate the use of multivariate analysis (Korzeniewska et al., 2003;
Supp et al., 2005) and even suggest bivariate analysis may lead to
spurious results (Kus et al., 2004). However, the potential
advantages of the multivariate model can only be fully realized
if all strategically important nodes in a circuit can be recorded,
which is seldom the case in human studies (see ‘Discussion’
section). In the case of evaluating information flow between
deep brain LFPs and EMG, we do not feel that multivariate
analysis confers a clear advantage. In this regard, bivariate analysis
has been successfully deployed in a similar context, the investiga-
tion of cortico-muscular relationships (Mima et al., 2001). In
addition, the interpretation of the bivariate DTF is fairly
straightforward (Sharott et al., 2005) and is discussed further
below. For such bivariate analysis, at any given frequency, this
consists of two directed coherence values giving the coherence in
each direction, here either GP-SCM or SCM-GP. If the directed
coherence is significantly greater in one direction, the DTF can be
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considered ‘asymmetric’ in that direction. Conversely if the
directed coherence estimates are not significantly different the
DTF can be considered ‘symmetric’ (Sharott et al., 2005).
Statistical evaluation of these relationships is discussed later.

For each subject, data were organized so as to consist of
separate pairs consisting of one GP-LFP and SCM-EMG signal.
For each subject six LFP (three bipolar derivations from each
hemisphere) recordings and two SCM-EMG (one from each side)
were paired, leading to 12 bivariate analyses for each subject. To
better model the frequencies of interest, data segments were down-
sampled to 80Hz (after appropriate low-pass filtering to avoid
aliasing).

Time/frequency DTF

Time/frequency DTF analysis was used to investigate whether the
effective direction of coupling between pallidum and muscle was
stationary or dynamic. This involved calculating the DTF for short
segments (2—10s) across the record. For visualization purposes we
used the ‘net DTF’, a mixed product of the asymmetry and the
strength of correlation. In deriving this, the coherence values in
one direction in each window (e.g. effective direction of coupling
from SCM to GP) were made negative and summed with those
positive values in the opposite direction. This gave a single value
(net DTF) in each frequency bin, with the direction of asymmetry,
if present, represented by the sign (e.g. negative when effective
direction of coupling is from muscle to GP, and positive when
effective direction of coupling is from GP to muscle), and the
magnitude of that asymmetry represented by the coherence value.
For example a value of +1.0 would represent: (i) all activity in that
frequency bin being completely coherent and (ii) coherent activity
being completely asymmetric and all coupling in the direction of
GP to EMG (Sharott et al., 2005).

For the main group analysis, plots were constructed using DTF
coherence values calculated in consecutive 10s windows with 5s
overlap. Group time/frequency DTFs were examined in two ways.
First, the DTF values for each bin across time were averaged.
Secondly, the number of significant bins in each direction was
summed and normalized over time bins for each frequency bin
(resolution 0.4Hz). These values were averaged across all
GP-LFPS/SCM-EMG pairings to give values for bins with DTF
values directed from GP-SCM and bins with DTF values directed
from SCM-GP. Shorter windows (the lowest being 2s) were also
used for some analyses to verify that the results were not
dependant on the time window used. For single examples of time/
frequency DTF, spectra were calculated in 15s windows with a 14s
overlap, to give a smoother time/frequency plot (Fig. 3).

However, DTF values in a given direction do not necessarily
mean that DTF values represent a significant asymmetry in that
direction at a given time and frequency. To evaluate this, we
utilized the confidence limits (set here at 99%) calculated for each
individual DTF plot (Cassidy and Brown, 2003). At any given
time/frequency point, values were only considered significant if
the confidence limits for one or both directions did not take in
zero. In addition, values were only considered significant if the
lower confidence limit of the greater value was greater than the
upper confidence limit of the smaller value (essentially the lower
and upper confidence limits of upper and lower traces should not
cross). All values that violated these criteria were set to zero.
Where as previously, significance was assessed across subjects
(Sharott et al., 2005), this method allowed us to attribute
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significance to a short window of data. In addition, we excluded
all activity with symmetrical coherence, which could therefore not
be unequivocally attributed to afferent or efferent processes.
Symmetrical coherence itself might represent common movement
artefact in both channels (most likely due to movement of leads
with involuntary head movement) or zero-phase steady-state
oscillatory activity between GP and muscle (unlikely given the
long conduction delays involved).

Statistics

The 3-10Hz band has already been identified as characteristic of
dystonic brain and muscle activity (see ‘Introduction’ section).
After confirmation that this was the case in the data presented
here (Fig. 1), this band was compared with three ‘control’ bands
with the same number of frequency bins outside of the 3-10Hz
range: 15-22, 23-30 and 33-40 Hz. It should be stressed that the
final evaluation of activities across bands represents a practical
alternative to the comparison of activities at individual frequencies
which helps limit the problem of multiple comparisons entailed
with the latter approach. Nevertheless, it is possible that our
3-10Hz frequency band of interest contained both base
frequencies and harmonics of dystonic tremor. This in itself
should not represent a problem, but confounds could potentially
arise if harmonics extended into other ‘control’ bands of higher
frequency. The latter would lead to an underestimation of the
physiological significance of spectral differences.

For the analysis of large records (non-time resolved), statistical
analysis of spectral parameters was carried out in two ways. First,
when the raw spectral measures were considered, i.e. power/
transformed coherence values in bands of interest, Kruskal Wallis
tests were used to establish whether there were differences across
frequency bands for grand averages of muscle, pallidal and muscle/
pallidal pairs across patients. Post hoc Wilcoxon Sign Rank tests
were then used to specifically test whether spectral measures were
significantly different between the 3-10Hz band and the test
bands. Significance for multiple comparisons was corrected using
the step down procedure. In the case of the DTF, Friedman tests
were used to perform a two-way analysis of variance incorporating
both frequency band and direction. Multiple comparison cor-
rected Wilcoxon tests were then used to compare the DTF in each
direction across frequency bands and DTF in the two directions in
the dystonic band. Secondly, where significant bins were counted
across all subjects, conditions (bands, directions, laterality) were
compared using either Fisher’s exact or Wilcoxon Sign Rank tests
as appropriate.

Focality in the DTF results was examined by calculating the
total number of significant bins at each of the three contact pairs
in each electrode (n=14) for all frequency bins in the 3—-10Hz
range. These values were tested against the null hypothesis that the
total number of significant bins for each electrode is evenly
distributed across the three contact pairs, using the Chi-squared
test (Preacher, 2001). Using this method it was possible to
evaluate focality in each electrode individually.

Results
FFT power and coherence analysis

Peaks were observed at 3-10Hz in the power spectra of
GP and SCM activity in both individual contact-muscle
pairs and in the group average (Fig. 1A—C). There was a
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Fig. | FFT-based analysis of GP-LFPs and EMG from dystonic patients. (A) Power spectra for one bipolar GP-LFP (black line) and ipsilateral
SCM-EMG (grey line). Both display a prominent power in the 3—10 Hz range. (B and C) Group mean power spectra for all GP-LFPs and

SCM-EMGs, respectively. Both display peaks in the 3—10 Hz range. (D) Coherence spectrum between the GP-LFP and EMG in A.

Coherence is most prominent in the 3—10 Hz range where there is a broad, significant peak (95% confidence limit is shown by the dotted
line). (E) Group mean coherence for all GP-LFP/SCM-EMG pairs. Coherence is elevated in the 3—10 Hz band. The confidence limit is not

shown due to the different record lengths used. (F) Significance was established by counting the percentage of significant bins at each

frequency for all GP-LFP/SCM-EMG pairs in each subject. The plot shows a clear peak in the 3—10 Hz range. (Grey shaded areas represent
=+ SEM across subjects). (G) The equivalent average of the absolute value of the imaginary part of the coherence also has a peak at 3—10 Hz.
(H) A plot of coherence (black) and imaginary coherence (grey) in one GP-SCM pair.

significant difference in the power between the four frequency
bands (dystonic 3-10Hz and three test bands spanning
15-22, 23-30 and 33-40 Hz) for both SCM (Kruskal Wallis
Test, P=0.005) and GP (Kruskal Wallis Test, P=0.00005).

For SCM, power in the 3—10 Hz band was significantly higher
than in all the control bands (Wilcoxon Sign Rank Test,
P <0.05/0.016/0.016 for test bands in ascending order of
frequency). Similarly, peaks in the coherence were observed at
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frequencies <10Hz that were often highly significant for
individual contact-muscle pairs (Fig. 1D). A significant
difference was found in mean Fisher transformed coherence
between the four frequency bands (dystonic 3-10Hz and
three test bands, Kruskal Wallis Test, P=0.01). Coherence at
3-10Hz was significantly greater than in all control bands
(Wilcoxon Sign Rank Test, P<0.016/0.03/0.016 for test
bands in ascending order; see Fig. 1E). A similar result was
found using the mean percentage significant bins in each
frequency band (dystonic 3-10Hz and three test bands,
Kruskal Wallis Test, P<0.01, see Fig. 1F), with more
significant bins in the 3-10Hz band than all test bands
(Wilcoxon Sign Rank Test, P=0.03, all bands, see Fig. 1F). As
in previous studies (Silberstein et al., 2003; Lui et al., 2006;
Chen et al., 2006a), oscillations at low frequency therefore
appeared to be a marked feature in the pallidal LFP and
muscle of dystonic patients.

In addition to power and coherence, the imaginary
coherence was computed. Whereas the value of coherence is
dependant on phase and power, the imaginary coherence uses
only the imaginary component of the complex number. This
has two benefits, firstly a high value is dependant on phase
locking between channels and secondly, it is not influenced by
phase locking between the signals at zero phase (Nolte et al.,
2004). As the imaginary coherence can be positive or negative
depending on the phase delay between signals, the absolute
value was taken (and Fisher transformed as with coherence).
The mean imaginary coherence showed a similar increase to
the standard coherence over 3-10Hz (Fig. 1G and H).
This suggests that at least some of the coherence between
GP and dystonic muscle is dependent on phase locking alone
(and independent of amplitude correlation between the two
signals) and that this is also not due to common artefact
such as cable movement. When considered together with
the predominant DTF from GP to muscle (see later), the
implication is that the phase of pallidal oscillatory activity
in the 3-10 Hz band helps dictate the phase of the dystonic
EMG activity, pointing to a direct relationship between
the two.

Static DTF analysis

To examine the directional relationships for coherent activity
between pallidum and muscle, DTF analysis was first
performed on the long data records described earlier.
Friedman tests of the mean Fisher transformed DTF with
respect to direction (GP to SCM and SCM to GP) and
frequency band (four levels as above) showed significant
effects for both parameters (P <0.005 and P<0.01, respec-
tively). Post hoc tests showed that DTF was higher from
GP-SCM than vice versa in all bands (Wilcoxon Sign Rank
Test, P<0.016) and that DTF was higher in the 3-10 Hz range
than all test bands in both directions (Wilcoxon Sign Rank
Test, GP-SCM: P<0.016, SCM-GP: P<0.016/0.016/0.05
in ascending order of frequency; see also Fig. 2A). As DTF
analysis applied to non-linear data is sensitive to sampling
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Fig. 2 Directional analysis of GP-SCM coupling. (A) Group mean
DTF for all GP-LFP/SCM-EMG pairs. DTF from GP to SCM is shown
in red, and that from SCM to GP is in blue. DTF from GP to SCM
was greater across all frequencies as reflected by the net DTF,
which was positive at all frequencies (purple, inset). (B) Group
mean DTF as in A, but with all non-significant bins (as defined by
the confidence limits taking in zero or crossing between the two
directions) set to zero. The asymmetry is now specific to lower
frequencies as reflected by the net DTF (inset). In both plots,
lighter shaded areas represent plus/minus SEM across subjects.
(C) The corrected DTF (as in B) shows little difference when split
in to ipsilateral (dark red/blue) and contralateral (lighter red/blue)
pairings. (D) Percentage significant bins at each frequency across
all patients, contacts and muscles for DTF from GP-SCM (red)
and SCM-GP (blue). Despite the relatively low DTF estimates in
the 3—10 Hz band in B, I5-60% of these estimates were significant,
with a higher amount for GP to SCM. (E) Plotting all significant
bins as a function of whether they have a net positive (red) or
negative (blue) DTF, however, shows that nearly all bins have a
higher DTF from GP to SCM, even when the DTF in both direc-
tions was significant.

step size, the raw DTF was calculated over a range of sampling
rates/frequency resolutions from 50 to 90 Hz. This made little
difference to the results.

Following removal of all DTF values which were not
significantly different from zero or where the information
flows in each direction were not significantly different
(Fig. 2C), there were still significant effects for both
direction (Friedman Test, P=0.0002) and frequency band
(Friedman Test, P<0.00000001). In post hoc tests, however,
direction was only significantly different in the 3-10Hz
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band, with a larger DTF from GP-SCM than vice versa
(Wilcoxon Sign Rank Test, P<0.016). The DTF was greater
in both directions in the 3-10Hz band than in all test
bands (Wilcoxon Sign Rank Test, P<0.016), where the
DTF was negligible (Fig. 2B). Separating these results in to
ipsilateral and contralateral GP-SCM pairs did not sig-
nificantly alter the results (Fig. 2C).

This observation was extended by examining the incidence
of significant bins (as defined earlier) for each direction
irrespective of the magnitude of the DTF and which direction
was greater. In this case, the number of significant bins for
each frequency (resolution 0.4 Hz) was summed across all
records (7 patients x 6 GP x2 SCM=84). These results,
illustrated in Fig. 2D (as a percentage), show that there were
many more significant bins in the DTF of both directions in
the 3-10 Hz band than at other frequencies. To confirm this,
the numbers of significant and non-significant bins were
averaged separately across the 3—10 Hz band and compared to
the same measures for the 15-22 Hz band (given the obvious
decrease with frequency, see Fig. 2D, the other bands were not
tested in this case). There were more significant bins in the
3-10Hz band in both directions (Fisher exact test, GP-SCM:
P <0.000001, SCM-GP P<0.00002). In addition, within the
3-10 Hz band there were more significant bins from GP-SCM
than from SCM-GP (Fisher exact test, P<0.00005), suggest-
ing that although there is 3—10 Hz activity in both directions,
a greater amount of it was in the direction of brain to muscle.
To extend this observation further, the number of significant
bins was counted in relation to whether they had a positive or
negative net DTF (a positive DTF indicating that for a pair of
significant values, coherence was greater in the direction GP
to SCM than vice versa as in Fig. 3A and B). This revealed
significantly more bins with a positive net DTF (red
line, Fig. 2E) and negligible bins with a negative net DTF in
the 3-10 Hz band (Fisher exact test, significant positive versus
significant negative bins, P <0.00000001). Together, these
results suggest that information flow between pallidum and
muscle in the 3-10 Hz band occurs in both directions, but is
significantly asymmetric with more information flow directed
from brain to muscle.

Time evolving DTF analysis

DTF analysis of long data segments provides an overall
picture of the symmetry of directed activities between
pallidum and muscle, but does not reveal the true temporal
dynamics of this relationship and its consistency for a given
GP-SCM pair over time. Accordingly, we performed the
DTF on short data segments across records to investigate
the temporal consistency of the relationship between the
LFP and EMG. Figure 3A and B shows the time-evolving
DTF between pallidum and both SCM muscles correspond-
ing to the time-evolving pallidal power spectrum in Fig. 3C.
There is a preferential drive from the right pallidum to
either SCM at around 4 Hz, but importantly this drive is
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Fig. 3 Single example of coincident dynamics in dystonic EMG
activity and pallidal-muscle coupling. (A and B) Time frequency
DTF plots for RGP-RSCM and RGP-LSCM. There is preferential
information flow from right pallidum to either SCM at around

4 Hz, but this is dynamic. (C) Time—frequency plots of pallidal
power over the whole recording. (D) Section of raw EMG and
pallidal LFP. Oscillatory activity at about 4 Hz is evident for most,
but not all, of the record in both LFP and EMG from left SCM.

dynamic, coming and going over time in step with changes
in pallidal power at similar frequencies.

To analyse these features across the whole group we first
investigated whether the results taken from small data
segments broadly matched those achieved using whole
recordings. To this end, the time-evolving DTF was
averaged across all blocks of time, before being averaged
across contacts/muscles as described in the previous section.
A Friedman test demonstrated a significant effect for
direction, which was larger in the direction of GP-SCM,
irrespective  of  frequency band (Friedman  Test,
P <0.000000001, Wilcoxon Sign Rank test, all bands:
P<0.016 and see Fig. 4A). When only bins with values
significantly different to zero were considered (rather than
all bins), there was still a significant effect for direction
(Friedman Test, P<0.001) and the DTF for GP-SCM was
still significantly greater than the DTF for SCM-GP,
although only in the 3-10 Hz band (Wilcoxon Sign Rank
test, P<0.016 and see Fig. 4B). In addition, for both raw
and significance corrected DTFs, there was a significant
effect for frequency (Friedman Test, P<0.000001), with the
3-10Hz activity greater than all test bands in both
directions (Wilcoxon Sign Rank test, P<0.016). These
results were consistent irrespective of the time bins used
(Fig. 4C) and were therefore unlikely to be a result of the
time range chosen. When records were tested individually
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Fig. 4 Statistical evaluation of dynamic coupling of pallidum and muscle. (A) Across the group, mean DTF confirmed significant information
flow in both directions that was bigger from GP to SCM. (B) Corresponding DTF histograms limited to bins with values significantly dif-
ferent to zero concur with this result. (C) Mean DTF plots (as in A) for four different time windows between 10 and 2s. The asymmetry
persists with respect to GP-SCM (red hues) and SCM-GP (blue hues) (D) Group histogram of% of bins that were both significantly different
to zero and were significantly asymmetric shows that even in the 10's time window, information flow was nearly always bigger from brain to

muscle.

for time-evolving differences between directions, 84% had a
significantly larger DTF from GP-SCM than SCM-GP in
the 3-10Hz band across time (Wilcoxon Sign Rank test,
P<0.0042).

The results were mirrored by those calculated using bins
that displayed values that were both significantly different to
zero and were significantly asymmetric (data exceeding both
significance criteria scored as 1; see ‘Methods’ section), and
counted across time windows for each record. Across subjects
there was a significant effect for frequency (Friedman Test,
P <0.00000001), with the 3-10Hz activity significantly
greater than all test bands in both directions (Wilcoxon
Sign Rank test, P<0.016). There was also a significant effect
for direction (Friedman Test, P =0.0002), with the number of
bins greater from GP-SCM more than the number of bins
greater from SCM-GP in the 3-10Hz band (Wilcoxon
Sign Rank test, P<0.016). Analysis of individual records
showed that 67% (Fisher Exact Test, P<0.05) had more
significant bins in the direction of GP-SCM than SCM-GP.
In the 3-10 Hz range, each record had 29 £ 2.0% significant
bins in the direction GP-SCM. For SCM-GP, the average
percentage of significant bins per record was 6= 0.6%,
suggesting that muscle to brain activity was a relatively more
sporadic feature over time. As for the static DTF analysis,
when the numbers of significant bins in the 3—10 Hz range

were counted in relation to whether they had a positive or
negative net DTF, virtually all bins were asymmetric in the
direction of GP-SCM (Wilcoxon Sign Rank test, P<0.016
and see Fig. 4D).

Focality of time/frequency DTF analysis

It is not possible to know the exact location of the record-
ing contacts with current imaging methods. However, if the
activity described above was focal (to the pallidum or even
specific parts of the pallidum) it should be unevenly
distributed across the three bipolar derivations. To this end,
we compared the total number of significant bins found at
each contact with the number of significant bins expected
by chance (total significant bins divided by three) in all
frequency bins in the 3-10Hz range averaged over the
two muscles. Each pallidal electrode was tested indi-
vidually (7 patients x 2 hemispheres) for both directions.
For the GP-SCM DTF, 11/14 electrodes had significantly
uneven distributions of significant bins (Chi-squared Test,
P<0.0005). For SCM-GP DTF, 8/14 electrodes had signif-
icantly uneven distributions (Chi-squared Test, P<0.02).
Given the extremely low number of significant features
outside of the 3-10Hz band, this analysis was not
performed on the test bands. There was no evidence that
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Fig. 5 GP contact pairs with highest power correlate with those with the most consistent GP-SCM DTF. (A) Correlation between the
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of power in the 3—10 Hz range for all six contact pairs (two sides in each patient). (B) The number of significant bins plotted against the
contacts arranged according to power (from minimum to maximum on each side).

this focality was more prevalent in contralateral or ipsil-
ateral pairings.

To provide further evidence of focality of the drive from
pallidum to muscle we determined whether the bipolar
contact pair in GP with the highest power also had the highest
number of significant bins in the DTF from GP to SCM. This
was examined in two ways in the 14 hemispheres each with
3 bipolar derivations. First, the distribution of the total
number of significant bins for the GP to SCM DTF (meaned
across both SCMs) was correlated with the corresponding
distribution of power in the 3—10 Hz range for all six contact
pairs (two sides in each patient). A highly significant positive
correlation (r* =0.41, P<0.00001) was found, suggesting that
the distribution of pallidal power and GP to SCM DTF tended
to correspond (Fig. 5). Secondly, each triplet of GP contact
pairs was examined individually. In 8/14 hemispheres the
position with the highest power exactly matched the position
with the highest number of significant bins in the GP to SCM
DTF. In addition, when the number of significant bins was
plotted against the contacts arranged according to power
(from minimum to maximum on each side), there was a clear
trend towards the contact with the highest power having the
most consistent GP to SCM DTF.

Discussion

We have confirmed that in patients with primary dystonia,
pallidal and dystonic muscle activities are coherent over a
frequency band of 3—-10 Hz (Liu et al., 2006). Furthermore,
we have shown that the flow of information between muscle
and pallidum is bidirectional, but with significantly more
information flow passing from pallidum to muscle in this
frequency band. The latter favours a causal link between
synchronisation of pallidal activity <10Hz and dystonic
muscle activity. The DTF analysis used here represents a

significant advance over previous analyses. These have either
ignored the directionality of coupling (Liu et al., 2006;
Chen et al., 2006a) or, in the one patient where analysis was
possible, deduced directionality from phase differences
(Foncke et al., 2007a), an approach that may be flawed in
systems with bidirectional connectivity (Cassidy and Brown,
2003). Moreover, the time/frequency DTF analysis presented
here clearly shows that the information flow from pallidum to
muscle at 3—10 Hz is not stable but fluctuates across time,
in keeping with the dynamic nature of dystonic muscle
activity, -something that could not be concluded from
previous approaches (Liu et al., 2006; Chen et al., 2006a;
Foncke et al., 2007a).

The DTF has two potential advantages over spectral phase
estimates. First, it does not assume unidirectional flow—an
assumption that can potentially lead to erroneous physiolog-
ical conclusions (Cassidy and Brown, 2003). On the other
hand the DTF is relatively insensitive when phase/temporal
differences between signals are small (Cassidy and Brown,
2003). There is no reason to think this is the case in the
coupling between pallidal LFP and muscle, given the indirect
connectivity. Second, the estimation of temporal differences
from phase spectra is best performed through linear regres-
sion analysis of phase over periods of significant coherence
(Mima and Hallett, 1999; Grosse et al., 2002). This, in turn,
requires peaks in coherence that are reasonably broad, to
allow for several phase estimates. This is not always the case in
analyses of the relationship between pallidal LFPs and
dystonic EMG (Foncke et al., 20074, b).

Coupling or coherence implies functional connectivity
(Thatcher et al., 1986; Rappelsberger and Petsche, 1988;
Nunez, 1995; Shen et al., 1999; Buzsaki and Draguhn, 2004;
Magill et al., 2006). Both simple coherence and DTF were
consistent with functional connectivity between pallidum
and muscle under dystonic conditions. The DTF was often
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bidirectional, but where functional connectivity involved
coupling directed predominantly from one source, as
indicated by an asymmetric DTF, this source can be
considered the driver, provided there is biological evidence
to support such a causal connection and to refute the
possibility of a common input to both signals (Sharott
et al, 2005). In the latter case, for example, oscillations
could propagate from cortex to both pallidum and muscle,
but reach pallidum first, leading to the appearance of a
pallidal drive to muscle. With these important provisos,
however, there are reasonable examples of interpretable
coupling. A ready example that has received much interest
of late is corticomuscular coherence in which cortical
activity precedes coupled muscle activity, and is equated
with a drive from cortex to muscle via the corticospinal
tract (Mima and Hallett, 1999; Brown, 2000; Gross et al.,
2000; Mima et al., 2001).

In the case of the net pallidal drive to dystonic muscle
shown here, it seems reasonable to view this as an overall
drive of involuntary muscle activity from pallidum over
3-10Hz. This view is supported by the core clinical
observation that lesioning or high-frequency stimulation
of the GP suppresses dystonic muscle activity (Krack and
Vercueil, 2001; Bittar et al., 2005; Vidailhet et al., 2005).
Also previous evidence from spectral analyses has shown
that involuntary muscle spasm in primary dystonia involves
a descending drive to muscle within the very same
frequency band (Tijssen et al, 2000, 2002; Grosse et al.,
2004). In line with this evidence, the amplitude of pallidal
LFP activity in the 3-10Hz band correlates with the
intensity of dystonic muscle contraction over time (Chen
et al, 2006a). Microelectrode studies suggest that power
and oscillatory spike triggered averages of LFP activity in
this frequency band are concentrated in the internal
segment of the globus pallidus, the site where functional
neurosurgery seems most effective (Chen et al., 2006b).
Note that, although we confirmed focality, we made no
attempt to identify the precise localization of pallidal
activity coupled to dystonic EMG activity in the present
study, as LFPs recorded with microelectrodes rather than
stimulating deep brain (macro-) electrodes are better suited
for this purpose.

Our data are compatible with a net drive from pallidum
to dystonic muscle, and are in agreement with the pallidal
driving deduced from spectral phase estimates in a single
patient with myoclonus-dystonia, where unidirectional
effects were assumed (Foncke et al.,, 2007a). However, the
question still remains, whether this pallidal drive is
quantitatively significant in determining dystonic muscle
activity. The degrees of simple coherence and directed
coherence averaged over time were relatively weak. Two
factors may have contributed to a comparatively weak
coupling between sites. First, coupling is most likely to be
indirect in the case of pallido-muscular coupling, and may
become weakened at successive synaptic relays, which may
also introduce non-linear dependencies between the signals
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which would be undetected by our linear approach. This
seems likely to be a very real consideration, as connections
in both afferent and efferent directions involve multiple
relays. In the case of information flow from pallidum to
dystonic muscle this is likely to involve input to thalamus
and hence to motor cortex and/or inputs to brainstem
relays to motor structures. Indeed, it may seem counter-
intuitive that activity in the internal pallidum, a structure
composed of inhibitory neurons projecting to the thalamus
and brainstem, could lead to pathologically increased
activity in the musculature. Nevertheless, the scale of
simple and directed coherence was comparable to that
found between cortex and muscle in healthy subjects, where
coherence is thought to be largely mediated by mono-
synaptic cortico-spinal pathways (Mima and Hallett, 1999;
Mima et al., 2001). The second factor that may have
contributed to a comparatively weak coupling between sites
is the averaging over time involved in simple and directed
coherence estimates which would tend to underestimate
drives that are not fixed over time. The time-evolving DTF
was very instructive in this regard, confirming the dynamic
nature of the pallidal drive to dystonic muscle, which, for
short periods could account for as much as 25% of the
muscle signal in the 3-10Hz band (Fig. 3), which itself
accounted for most of the power in the spectrum of the
rectified EMG. This compares favourably with the degree of
corticospinal coherence often reported in cortical myoclo-
nus, a condition where exaggerated corticospinal drive to
muscle causes involuntary muscle activity (Brown et al.,
1999; Grosse et al., 2003).

Another issue that deserves further comment is the lower
limit of those frequencies involved in the net pallidal drive
to dystonic muscle. We elected to consider simple and
directed coherence over a 3—10 Hz band so as to match our
power analyses. The latter avoided frequencies under 3 Hz,
in order to limit the effects of artefact from dystonic head
movements. However, the directed coherence averaged over
long or short-time periods suggested that there was major
asymmetry of information flow even at frequencies under
3 Hz, arguing that much of such pallidal activity may have
a comparable biological significance to that at higher
frequencies. This is of interest in two regards. First, several
studies of single neuron activity in the pallidum and
thalamus suggest an excessive tendency to bursting at very
low frequencies in dystonia, frequencies that may also be
represented in dystonic muscle activity (Suarez et al., 1997;
Vitek et al.,, 1999; Zhuang et al., 2004). The power and
asymmetric directed coherence between pallidal LFP and
dystonic muscle over frequencies under 3 Hz therefore
suggests that the bursting of single neurons may be
synchronized across units, as reported over 3-10Hz
(Chen et al., 2006b). Second, the presence of significant
power, and simple and directed coherence, at very low
frequencies that tends to diminish at progressively higher
frequencies is compatible with a major contribution from
arrhythmic but synchronized bursting in the pallidum.
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Of course, this is not the exclusive pattern of synchronized
activity, as some patients showed discrete peaks in their
power and coherence under 10Hz. The presence of true
oscillatory synchronization in dystonia is further supported
by the finding of clearly oscillatory spike triggered averages
of pallidal LFPs in some patients with primary dystonia
(Chen et al., 2006b).

A final issue is to what extent the current findings apply to
all dystonic features. Clinical assessment suggested that all our
patients had some mobile elements to their dystonia. This
may be an important point, as other authors have suggested
that coherence between pallidal LFPs and dystonic EMG over
the 3-10 Hz band is limited to those patients with mobile
dystonia, rather than purely fixed dystonic posturing (Liu
et al,, 2006; Foncke et al, 2007b). Accordingly, the low
frequency oscillatory drive from pallidum to muscle may
possibly be absent in non-mobile dystonias.

In conclusion, the data and analyses suggest a net drive
from the pallidum to dystonic neck muscles in patients
with mobile primary dystonia over frequencies of <10 Hz.
This implies that the globus pallidus is intimately involved
in determining the pattern of involuntary movements in
primary dystonia. We neither claim that the internal palli-
dum alone generates the oscillatory activity <10Hz nor
that pallidal neurons directly drive motor neurons. Indeed,
looking for a single origin for the pathological oscillations
recorded in basal ganglia disorders may be futile, given that
it is likely the interaction between structures that underlies
rhythmic activity (Bevan et al., 2002). The novel finding
here is that oscillations <10Hz in muscle are partly the
result of activity in a central network including the internal
pallidum. A further elucidation of the precise role of the
internal pallidum in the generation of 3-10Hz oscillatory
activity will require simultaneous recording at multiple
points in the cortex, basal ganglia and thalamus, as well as
muscle. At the present time, such opportunities in humans
do not exist.
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