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Abstract

Objective—This study aims to use the activities recorded directly from the deep brain
stimulation (DBS) electrode to address the focality and distinct nature of the local field potential
(LFP) activities of different frequency.

Methods—~Pre-operative and intra-operative magnetic resonance imaging (MRI) were acquired
from patients with Parkinson’s disease (PD) who underwent DBS in the subthalamic nucleus and
intra-operative LFP recording at rest and during cued movements. Images were reconstructed and
3-D visualized using Lead-DBS® toolbox to determine the coordinates of contact. The resting
spectral power and movement-related power modulation of LFP oscillations were estimated.

Results—Both subthalamic LFP activity recorded at rest and its modulation by movement had
focal maxima in the alpha, beta and gamma bands. The spatial distribution of alpha band activity
and its modulation was significantly different to that in the beta band. Moreover, there were
significant differences in the scale and timing of movement related modulation across the
frequency bands.
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Conclusion—Subthalamic LFP activities within specific frequency bands can be distinguished
by spatial topography and pattern of movement related modulation.

Significance—Assessment of the frequency, focality and pattern of movement related
modulation of subthalamic LFPs reveals a heterogeneity of neural population activity in this
region. This could potentially be leveraged to finesse intra-operative targeting and post-operative
contact selection.
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1 Introduction

There is growing interest in the nature of local field potential (LFP) activities recorded from
the subthalamic nucleus (STN) of patients with Parkinson’s disease (PD) undergoing
neurosurgery for deep brain stimulation (DBS). This is fueled by the evidence that
oscillatory activity in the beta frequency band is unduly synchronized and strong in these
patients and that this relates to deficiency of dopamine in the basal ganglia (Hammond et al.,
2007). Thus, the power of beta activity is correlated with the motor impairment in PD and
the changes of power engendered by levodopa treatment or DBS correlate with
improvements in bradykinesia and rigidity (Ray et al., 2008; Kihn et al., 2008, 2009;
Eusebio et al., 2011). The same activities are modulated during the preparation, execution,
and termination of voluntary movements (Kihn et al., 2004; Doyle et al., 2005; Klostermann
et al., 2007; Joundi et al., 2012). However, the subthalamic LFP recorded in patients with
Parkinson’s disease also includes power in other frequency bands which are modulated by
movement. Theta/alpha and gamma oscillations synchronise around the period of
movement. Exaggerated theta/alpha activity has been related to the presence of dyskinesia
and impulse control disorders (Alegre and Valencia, 2013; Rodriguez-Oroz et al., 2011).
Similarly, gamma activity is associated with dyskinesias when it becomes exaggerated in the
form of a finely tuned spectral peak (Fogelson et al., 2005; Swann et al., 2016).

The origin of these activities in the subthalamic area has been explored using intra-operative
microelectrodes. This has led to the conclusion that beta activity is greatest in the dorsal
‘motor’ STN (Lourens et al., 2013; Verhagen et al., 2015). Importantly, these activities may
also be evident in the LFP recorded directly from the definitive DBS electrode rather than
from temporary microelectrodes. This has led to interest in exploiting LFP features to help
improve functional targeting during surgery (Miyagi et al., 2009; Chen et al., 2006;
Michmizos et al., 2015; Kolb et al., 2017; Yoshida et al., 2010), streamline the post-
operative screening of electrode contacts (Tinkhauser et al., 2017) and form the basis of
control signals in closed-loop DBS (Little et al., 2013). However, much still remains
uncertain. To what extent are these subthalamic activities in different frequency bands focal
when picked up by DBS electrodes rather than by microelectrodes? Are their sources
separable in space? To what extent are spectral differences also associated with different
patterns of modulation upon voluntary movement? Here we try to address these outstanding
questions through an exploration of the spatial topography and movement-related reactivity
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of spectral features recorded directly from bilateral subthalamic DBS electrodes in eight
patients with Parkinson’s disease.

2 Material and methods

2.1 Subjects and surgery

Eight patients (six males, age 54.6 + 7.1 years) with Parkinson’s disease underwent bilateral
STN implantation of DBS electrodes at the General Hospital of PLA, Beijing, China. All
patients gave written informed consent to take part in this study, which was agreed by the
local ethics committees. The pre-operative Unified Parkinson’s Disease Rating Scale part 111
— motor exam was evaluated one week before surgery (Table 1). Surgeries were performed
after overnight withdrawal of levodopa in all patients.

All patients underwent stereotactic-framed pre-operative 3.0 T magnetic resonance imaging
(MRI) scans the day before the surgery. The DBS electrodes were targeted at the dorsolateral
area of the STN. The targets and trajectory of electrode implantation were calculated and
determined using the Frame link planning station (Medtronic, Minneapolis, MN, USA). The
DBS electrodes were Medtronic 3389 (Medtronic, Minneapolis, MN, USA) with four
platinum-iridium cylindrical surface contacts. Each contact was 1.27 mm in diameter and
1.5 mm in length, and separated by 0.5 mm. The most caudal contact was contact O and the
most rostral was contact 3. Subjects had local anesthesia and were awake during the
operation to allow for intraoperative movement and stimulation assessments. The placement
of DBS electrodes was confirmed intra-operatively by 1.5 T MRI (Cui et al., 2016) and
macrostimulation effects.

2.2 Paradigm and recording

Bipolar LFPs were intraoperatively recorded from the adjacent four contacts (contact pairs:
01, 12, 23) of each DBS electrode. The recordings were made after the implantation of DBS
electrodes on each side. All LFPs were band-pass filtered in the range of 0.1-500 Hz,
amplified with a gain of 10,000, and sampled at 1000 Hz (EEG100C, BIOPAC Inc., USA).
The signals were displayed online, saved onto a hard disk (Acgknowlege 4.2, BIOPAC Inc.,
USA), and exported for further analysis in MATLAB (MathWorks Inc., Natick, MA, USA).

Patients underwent recording at rest and during auditory-cued movement. Patients were
instructed to avoid speaking during the tasks. During the movement task, patients were
asked to hold a joystick handle with a button on top in the hand contralateral to the LFP
recording. An auditory cue was delivered at random intervals ranging from 5to 6 s. The
patients were asked to click on the button using the thumb as fast as possible following the
cue. The cueing sound was 100 ms spindle shaped white noise with 10% voltage ramp at the
beginning and at the end. It was delivered through a speakerphone, adjusted so as patients
volunteered that they could hear the cue clearly but did not feel it uncomfortable. The cue
onset time was defined as the time of 50% of the ramp up. The response time was defined as
the time of button press. The cue and button click were recorded by analog channels on the
amplifier (UIM100C, BIOPAC Inc., USA). At least forty trials were performed for off-line
analysis.
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2.3 Signal processing

Data analyses were performed offline with custom developed scripts in MATLAB
(MathWorks Inc., Natick, MA, USA). LFP signals were band-pass filtered over 3-90 Hz and
adaptively band-stop filtered to reject 50 Hz line noise. The adaptive filter applied here used
the power ratio of the stop-band and of reference sidebands to adjust the attenuation of the
stop-band to avoid over-filtering. A continuous 60 s at rest and 30 trials of movement, free-
of-artefact signals in all three bipolar contacts, were selected from each electrode after pre-
processing.

Power spectral density (PSD) was calculated using the Welch’s method (MATLAB function
pwelch. Shimamoto et al., 2013; Welch, 1967) with 1 s sliding-window, 0.5 s overlap and
2048 points. The resting PSD was normalised across all contact-pairs of a given electrode at
each frequency. The normalised power of contact-pair C; on frequency fj was calculated as
P(Cyf )

Pnormalise(ci’ fJ) = —1/3 213_ 1P(Cl., fj) .

Movement-related modulation of oscillations over 0-90 Hz were plotted as time-frequency
spectrograms aligned to the time of cue, response onset and end of the movement. The time-
frequency spectrograms were calculated using the short-time Fourier transform (STFT) with
a 0.6 s sliding window and 0.005 s step. The length of the sliding window and its overlap
were shorter than used for analysis of the resting signal. The impact of this however will
have been lessened by the fact that power and reactivity estimates for both rest and
movement data were normalised. Activities were extracted from each trial over the period 2
s prior to and 3 s after the clicking response. The time-frequency spectrograms of movement
modulated oscillations were normalised to the baseline power taken as —1.2 to —0.2 s before
the cue of each trial.

A cluster-based permutation test was performed to evaluate the statistical significance of
movement-related changes in time-frequency spectrograms compared to baseline power at
the group level. The pre-cluster threshold A-value was 0.01 and the permutation number was
1000. The actual ~-values derived from permutation were corrected for multiple
comparisons using the cluster-based approach with the pre-cluster threshold ~P-value.

The spectra were then averaged over the frequencies with significant movement- related
power changes that occurred 0.2 s around the response time. To compare power changes
between the low beta and high beta frequency bands, and between the low gamma and high
gamma frequency bands, paired #tests were performed at the group level. Significant
differences in amplitudes of movement modulations are marked by yellow bars (p < 0.01,
paired £test).

2.4 Visualization of contact distribution

The preoperative and intra-operative MRI-scans were separately reconstructed and 3-D
visualised by two researchers. The mean differences between the two observers in the x, y,
and z coordinates were 0.52 £ 0.30 mm, 0.61 = 0.44 mm and 0.51 + 0.36 mm, respectively.
The calculation and 3-D visualization were performed by the Lead-DBS toolbox (Horn and
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Kihn, 2015; http://www.lead_dbs.org). The T1/T2-weighted pre-operative and T2-weighted
intra-operative MRI-scans were fused and reconstructed to determine the position of DBS
electrodes in relation to the subthalamic area. The MRI-scans were spatially normalised into
the standardized MNI stereotactic space using the Statistical Parametrical Mapping (SPM)
software version 12. The normalised images were then reconstructed with electrodes onto
the MNI-space version of the Morel atlas (Jakab et al., 2012; Morel, 2013). The location of
each electrode’s contact was registered into X, y, and z coordinates in MNI-space, with these
coordinates being averaged across the two observers. The bipolar recording location of LFP
was then defined as the middle point of the pair of adjacent contacts and the coordinate was
calculated accordingly.

2.5 Statistical analysis of power distribution

To evaluate whether sites sharing similar spectral power in different frequency bands formed
clusters or not, we calculated the Euclidean distance between every two contact-pairs and
compared the variances in Euclidean distance between the master group containing all
contact-pairs (V= 48) and a subgroup (7 = 16) of a third of contact-pairs selected on the
basis that they had the highest ranked resting spectral power or movement related
modulation. The hypothesis behind this was that those sixteen contact-pairs ranked highest
would likely be sampling from a relatively circumscribed focus, whereas the remaining
contact-pairs would be more distributed. The subgroup was regarded as clustered if a
variance test of Euclidean distance between the subgroup and the master group was
significant and the mean and standard deviation (SD) of Euclidean distances of the subgroup
were smaller. The variance test used was the two-sample F-test for equal variances in
MATLAB (function vartest2). This returns a test decision for the null hypothesis that the
data in two vectors comes from a normal distribution with the same variance, using the two-
sample F-test. The test rejects the null hypothesis at the significance level alpha, which in
this case was 0.05 or less, as dictated by the false discovery rate procedure.

To compare whether the power distribution differed between frequency bands, the
multivariate Kullback—Leibler divergences (KLD) were calculated (Kullback and Leibler,
1951; Shurlea et al., 2015). The KLD from a statistical discrete probability distribution Q to

another distribution Pis calculated as KLD(P1Q) = ZiP(i)log% wherei=1, 2, ..., 48,

representing the number of samples. The discrete probability distribution of an oscillation
was calculated by taking the ratio of the spectral power of each contact-pair and the total
power across all contact-pairs. In this way, the summation of the probabilities of the
distribution would be 1 and the spectral power was registered as a probability in the
distribution. The observed KLD between two distributions was compared with the KLDs of
two permuted distributions with 1000 samples non-repetitively and randomly selected from
the combined distribution. When the probability of the permuted KLDs being larger than
that of the observed KLD was less than 0.05 (Prob {permuted KLD > observed KLD} <
0.05), the two distributions were considered as significantly different. Because the
measurement of KLD is asymmetrical, the result of KLO(AQ) is different from KLD(Q|P).
The two power distributions were considered as significantly different only if the KLD
measured in both directions were significant.
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3 Results

3.1 Targeting

The location of contacts is shown in the 3-D visualized subthalamic area in Fig. 1. The
coordinates of the forty-eight pairs of contacts in the eight subjects were estimated by taking
the middle point of each contact-pair. These sites were then related to the location of the
STN in MNI stereotactic space. 19/48 pairs of contacts were located inside STN, 13/48 pairs
included the border of the STN and 16/48 pairs were outside of STN.

3.2 LFPs atrest

Peaks in low beta band power were found in at least one contact-pair in 12 sides, and had a
mean frequency of 17 + 2 Hz. Peaks in the high beta band were found in at least one
contact-pair of all sides, and had a mean frequency of 28 + 3 Hz (see example in Fig. 2B).
Accordingly, the z-score normalised group averaged power spectral density of all sides
showed a prominent peak in the low and high beta frequency band (Fig. 3A).

3.3 Is spectral power at rest localized within the subthalamic area?

An example of the distribution of oscillations in the subthalamic area at rest is shown in Fig.
2B. The contact-pair located in the dorsal STN showed the highest resting power in beta.
The gradient in beta power across bipolar contacts in all sides and subjects was calculated to
confirm that the beta activity was locally generated in the subthalamic area. The mean
gradient in beta power from the contact-pair with maximum power to the remaining contact-
pairs was 49.9% + 8.9%. To further address whether spectral power at rest was localized
within the subthalamic area we contrasted the location of the 16 bipolar contacts with the
highest normalized power in a given band with that of all 48 contacts, based on the premise
that sites selected for their high power might have a different distribution to unselected sites.
The distribution of these 16 sites for the theta (4-8 Hz), alpha (8-12 Hz), low beta (13-20
Hz), high beta (21-32 Hz) and high gamma (60-90 Hz) bands is shown by the red dots in
Fig. 3B-F. White dots are the remaining sites, with dots corresponding to the middle point
between the contacts in a contact-pair. The numbers of sides and subjects involved in the
subgroup of 16 are shown in Table 2. At least one contact-pair from each subject was
included in the subgroup except in the case of high beta oscillations. The mean and standard
deviation of the master group is 4.0 + 1.9 mm (mean + SD) and those of the selected
subgroups are shown in Table 2. The mean and standard deviation of the Euclidean distances
and the F-statistics and P-values of the variance test between the high power subgroup (n=
16) and the master group (77 = 48) are shown in Table 2, and for those selected from each
electrode are shown in Supplementary Table 1. High power sites were in a significantly
tighter cluster than unselected sites in all frequency bands except for the theta and alpha
bands. Clustering in the theta band was no different to that of unselected sites, but clustering
in the alpha band was significantly less than for unselected sites. Similar findings were seen
in the alpha (less focal) and high beta band (more focal) if we took contact-pairs with the
highest relative power in each band from each electrode, rather than from across the group
(see Supplementary Fig. 1 and Supplementary Table 1).
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3.4 Are high power sites differentially located in different frequency bands?

Across all subjects, resting power distributions significantly differed in the theta and low
beta bands, and in the alpha and high beta bands (Supplementary Table 2). In general, low
beta power was more clustered in the STN than theta power, and gamma power extended
more dorsally outside the STN than high beta power (Fig. 3).

3.5 Movement-related modulation of subthalamic oscillations

The time-frequency spectrograms of all recording channels in a -2 to +3 s window aligned
to the response onset (t = 0) were normalised, group averaged and evaluated with a cluster-
based permutation test to identify significant differences from baseline (Fig. 4A). Significant
differences were found over the low (3-12 Hz), beta (16—-36 Hz) and gamma (59-73 Hz)
frequency bands within 0.2 s around response onset (Fig. 4A). The post-movement power
increase was also greater than baseline over 12-29 Hz and 45-57 Hz.

Significant movement-related modulation in the whole beta frequency (13-32 Hz) band was
found in 34/48 contact-pairs, with at least a 20% power decrease from the baseline (within
subject paired #test, p< 0.01). Significant power increases of at least 20% from the baseline
were found in 18/48 contact-pairs over the gamma frequency (40-90 Hz) band (within
subject paired #test, p < 0.01). Within this range, power increases were found in 13/48
contact-pairs in the low gamma frequency (40-60 Hz) band and 11/48 contact-pairs in the
high gamma frequency (60-90 Hz) band.

The range in movement-related power modulation differed between the low and high beta
bands (Fig. 5B). Averaging across all recording channels, power changes during movement
were found to be significantly different in the trough around the response and in the post-
movement peak (Fig. 5B, yellow bars). Movement related power changes were greater for
the high beta band (paired #test, p < 0.01). However, the timing of the movement related
power decrease and the duration of the trough-to-peak in these two bands was not
significantly different (paired #tests, p> 0.01). The power changes over the low and high
gamma frequency bands were not different at response onset, but low gamma oscillations
showed a more sustained increase after the end of the movement (Fig. 5C, paired #test, p <
0.01).

3.6 Distribution of movement-related modulation in the subthalamic area

To better evaluate the movement-related modulations, oscillations in frequency bands with
statistically significant power changes were analysed. The spectral power was calculated
over the 0.2 s around the response within the cluster-permutation test defined significant
voxels (Fig. 4). We contrasted the location of the 16 bipolar contacts with the highest power
modulation in a given band with that of all 48 contacts (Fig. 4). The mean and standard
deviation of the Euclidean distances and the F-statistics and A-values of the variance test
between the highest power modulation subgroup (7= 16) and the master group (7= 48) are
shown in Table 2. Sites with the greatest movement-related power modulation were in a
significantly tighter cluster than unselected sites in all frequency bands except for the theta
and gamma bands. Clustering in the theta band was no different to that of unselected sites,
but clustering in the gamma band was significantly less than for unselected sites. Similar
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findings were seen in the alpha (more focal) and low beta bands (more focal) if we took
contact-pairs with the highest relative power in each band from each electrode, rather than
from across the group (see Supplementary Table 1).

Significant differences were found between movement related modulation in the alpha band
and that in the low beta and high beta bands (Supplementary Table 2). In general, alpha band
power modulation was concentrated more ventrally in the STN than beta band power
modulation (Fig. 4). The question also arises whether the distribution of maximal power and
movement related reactivity in each band coincided across sides. To address this we
performed a signed rank test on the contact-pair which ranked highest at rest and that with
the greatest movement related modulation across the sides. P-values were P{theta} = 0.0008;
P{alpha} = 0.0011; P{low-beta} = 0.066; P{high-beta} = 0.0223; and A gamma} = 0.001.
This suggests that the distributions of peak power and movement reactivity differed in the
theta, alpha and gamma bands. Contrasting Figs. 3 and 4 suggests that alpha reactivity was
more focussed in the ventral STN than alpha power at rest, and hence the mean Euclidean
distance dropped during movement (Table 2). In contrast, gamma power at rest was maximal
in dorsal STN and bordering zona incerta and gamma reactivity was more evenly distributed
across the subthalamic area. Hence the mean Euclidean distance increased during movement
(Table 2).

4 Discussion

We demonstrate that both subthalamic LFP activity recorded at rest and its modulation by
movement have focal maxima in the beta band. The coordinates of these maxima correspond
to the subthalamic nucleus. The picture was slightly more complicated in the alpha and
gamma bands though. In the alpha band the peak power at rest was widely distributed and
extended to include the zona incerta bordering the dorsal STN. However, upon movement
reactivity in this band became more focal. The converse was seen in the gamma band, which
was focal at rest, but became less clustered during movement, when reactivity extended to
include the zona incerta.

The most parsimonious conclusion is that spectral activities and their modulation were
locally generated, most likely at the level of the afferent input to the subthalamic region
(Logothetis, 2003; Buzsaki et al., 2012). Critically, however, these focal activities were not
uniform, but their precise character varied according to broad spectral divisions, and, in the
case of the alpha and gamma band activities, whether rest or movement were considered.
Indeed, the spatial distribution of alpha band activity and its modulation was significantly
different to that in the beta band. Moreover, there were significant differences in the scale
and timing of movement related modulation across the frequency bands. Within the beta
band the depth of movement-related modulation was greater in the upper than lower
frequency range. Within the gamma band modulation in the lower frequency range was more
sustained than in the upper frequency band, lasting beyond the termination of movement.
Considered together, these observations suggest that the spectral pattern of subthalamic LFP
activity may contain information about the finer spatial and functional character of
underlying neural population activity. This heterogeneity in local population activity was
relatively consistent across patients in so far as it was evident in group level analyses, and
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there was no significant difference between the distribution of resting power and movement-
related modulation within the beta band.

4.1 Study limitations

Important limitations in the present study were that recordings were restricted to patients
with PD, and so any inference with regard to normal physiological function must be
considered speculative. Another limitation is that the phenotypic variability of the recruited
patients could have influenced the distribution of the oscillations since some may be related
to specific symptoms (Eusebio and Brown, 2007; Brittain and Brown, 2014). Furthermore,
as our recordings were made intra-operatively and so may have been affected by stun or
micro-lesion effects (Mestre et al., 2016). Nevertheless, we found peaks in beta activity in at
least one channel on all sides. An additional issue is the relatively coarse spatial resolution
of bipolar recordings made from the DBS macroelectrode, although despite this we were
still able to record some differences in spatial topography between frequency bands. Finally,
our findings are descriptive and unsupported by clinical correlations or evidence of direct
mechanistic roles for different subthalamic oscillations. That said, the translational potential
of the observations made here relate to the robustness of spatial and functional associations,
which may still be essentially epiphenomenal.

4.2 Focality

Both focality and functional distinctions were seen despite the fact that LFP activity was
captured through the bipolar contacts of DBS macroelectrodes and classified into somewhat
arbitrary frequency bands. Bipolar recordings from adjacent electrode contacts are necessary
to limit volume conduction from distant sources like cerebral cortex (Marmor et al., 2017),
but, on the other hand, it must be conceded that the focality and functional distinctions
disclosed in this study may hide an even finer level of organization in frequency and space.
Data from microelectrode recordings support this view (Reck et al., 2009; Bour et al., 2015).

The focality of LFP signals recorded with DBS electrodes is beginning to be leveraged
clinically, to assist intra-operative targeting (Chen et al., 2006; Miyagi et al., 2009) and
support post-operative contact screening (Tinkhauser et al., 2017). Both approaches have
focused on beta band activity, but the present findings suggest that spatial information may
also be present in movement-induced modulation and resting power in the alpha and gamma
bands, respectively. It remains to be seen whether there are additional advantages in
considering all three bands, - alpha, beta and gamma, when it comes to predicting the best
site for therapeutic stimulation. Our results suggest that the predictive value of alpha and
gamma activity might depend upon whether peak power at rest or peak reactivity with
movement are determined.

4.3 Heterogeneity in local population activity

The heterogeneity of subthalamic LFP activities is becoming increasingly apparent. Several
functional and pharmacological differences have previously been reported between the low
beta and high beta frequency bands (Levy et al., 2002; Doyle et al., 2005; Foffani et al.,
2005; Joundi et al., 2012; Tan et al., 2013), although we found these sub-bands to share
similar focality and reactivity. In the gamma band, finely-tuned gamma oscillations
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associated with dyskinesias have been distinguished from broad gamma band activity and
reactivity (Jenkinson et al., 2013). The latter is associated with elevated levels of arousal and
movement vigor (Joundi et al., 2012; Anzak et al., 2012; Tan et al., 2013). Activity at the
lower end of the gamma band has also been associated with parkinsonian tremor
(Weinberger et al., 2009; Beudel et al., 2015), and here we show that this activity
demonstrates a more sustained increase after movement than LFP activities at higher gamma
frequencies.

The heterogeneity of subthalamic LFP activities is broadly consistent with the view that
“tuning to distinct frequencies may provide a means of marking and segregating related
processing, over and above any anatomical segregation of processing streams” (Fogelson et
al., 2006). Thus, the spatial and functional distinctions between different spectral elements
of the LFP identified here are complemented by evidence of frequency dependent
differences in the coupling of subthalmic activities with other sites (Lalo et al., 2007;
Fogelson et al., 2006; Litvak et al., 2011; Hirschmann et al., 2011). The potential clinical
relevance of this is that both the local topography and frequency of subthalamic LFP
activities might help identify different processing streams and this could be relevant in
directing DBS to control different phenotypic features and avoid different stimulation-
related side-effects (Horn et al., 2017). Supporting this view is the evidence that
bradykinesia-rigidity, tremor and dyskinesias correlate with LFP activities of different
frequency (Kihn et al., 2009; Weinberger et al., 2009; Rodriguez-Oroz et al., 2011; Beudel
et al., 2015). Importantly, recent developments in DBS provide the means to realise the
discriminative potential of spectral information through directed fields of stimulation (Pollo
et al., 2014; Timmermann et al., 2015; Bour et al., 2015), specific temporal patterning of
stimulation (Cagnan et al., 2017; Adamchic et al., 2014) and chronic recording of LFP
activity to allow for pathophysiological changes over time (Steiner et al., 2017).

5 Conclusion

The results are consistent with heterogeneous population activities in the subthalamic region,
as evidenced by differences in the focality and patterns of movement related modulation of
specific spectral features of the LFP recorded intra-operatively in PD patients. The LFPs
recorded with DBS electrodes in the STN are a rich source of information that could prove
useful in better refining surgical targeting, contact selection and closed-loop therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. The 3-D visualized subthalamic area and the local field potential (LFP)
oscillations were estimated intraoperatively.

. The resting and movement modulated oscillations had focal maxima in
frequency bands.

. Movement related modulations showed differences in the scale and timing
across frequency bands.
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A

Fig. 1.
Group distribution of DBS electrodes (A) of all 16 sides in the 8 subjects and the coordinates

of all individual contacts in coronal view (B), sagittal view (C) and transverse view (D).
STN is represented in blue and contacts are represented as white dots.
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Fig. 2.

E)?ample to show the distribution of resting and movement modulated oscillations. (A)
Coordinates of the three bipolar LFPs channels (right) recorded from four contacts (left) of
left STN in case 4. Coordinates of the bipolar channels are taken as the middle points
between the corresponding contact pairs (B) Spectral power of resting oscillations over 3-90
Hz. That in the beta frequency (13-32 Hz) in channel 2-3 (green line and shadow) located
dorsally outside STN is lower than that in channels 1-2 and 0-1 located inside of STN. (C)
Movement modulated beta (13-32 Hz) oscillations in a -2 to 3 s window re-aligned to the
time of response. The movement modulation in the beta band in the dorsal channel outside
of STN is weaker than that inside of STN.
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Fig. 3.

G?oup power spectral density over 3-90 Hz averaged across all recording channels (A).
Shading represents + Standard Deviation (SD) of all z-score normalised power data.
Distributions of normalised resting power in the theta (4-8 Hz, B), alpha (8-12 Hz, C), low
beta (13-20 Hz, D), high beta (21-32 Hz, E) and high gamma (60-90 Hz, F) bands in
coronal view. The white dots in panels B-F represent the location of all bipolar contact-pairs
(as defined in Fig. 3A). The red dots represent the sixteen contact-pairs which had the
highest normalised spectral power in each frequency band across the group.
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Fig. 4.

Ngrmalised and group averaged time-frequency (3-90 Hz) spectrogram ina-2to 3 s
window re-aligned to the onset of movement (A). The cluster surrounded regions denote that
the movement modulated power increased and decreased with statistical significance.
Distributions of the significantly modulated power in the theta (4-8 Hz, B), alpha (8-12 Hz,
C), low beta (16—20 Hz, D), high beta (21-36 Hz, E) and gamma (59-73 Hz, F) bands are
illustrated in coronal views. Filled dots in panels B-F represent the location of all contact-
pairs (taken as the middle point of each pair). The red dots represent the coordinates of the
16 contact-pairs which had the greatest modulation of power in each frequency band across
the group.
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Fig. 5.

Ngrmalised movement modulated power changes of oscillations. (A) Normalised time-
frequency spectra of the movement modulated oscillations over 3-90 Hz ina-2to 3 s
window aligned to the time (0 s) of cue, response onset and end of the movement. Power
increases were found over alpha and gamma bands and power decreases were found over
low beta and high beta bands at the time of movement response. Also, a post-movement
power increase was found in the low and high beta bands, and in the low gamma frequency
band. (B) Normalised power changes over low beta (black lines and shadows) and high beta
(blue lines and shadows) bands aligned to the time of cue, response onset and end of
movement. (C) Normalised power changes over low gamma (black lines and shadows) and
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high gamma (blue lines and shadows) bands aligned to the time of cue, response onset and
end of movement. Significant differences in amplitudes of movement modulations are
marked by yellow bars (p< 0.01, paired £test). Shading represents + standard error of the
mean power change.
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Case  Age/sex

Dominant symptoms

Duration of disease (years)

UPDRS part-111 (pre-operative off
medication)

s1dLIOSNUBIA JoLINy sispund JINd 8doin3 g

s1duosnuBIA Joyiny sispund JINd edoin3 g

1 50/M Right side rigidity and tremor; left side rigidity 4 38
2 55/M Left side rigidity and tremor 10 52
3 49/M Tremor, rigidity and bradykinesia 2 53
4 65/F Rigidity, mobility and gait impairment 7 54
5 52/M Rigidity and bradykinesia 5 40
6 45/F Bradykinesia and gait impairment N/A 41
7 64/M Tremor N/A N/A
8 57/M Rigidity, tremor and dyskinesia 4 57
UPDRS = Unified Parkinson’s disease rating scale. Part — 111: Motor Exam.
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Table 2
Variance tests of the Euclidean distances of power distributions at rest and during movement.
Resting Resting P-  Euclidean Resting Movement Movement Euclidean Movement
F(1127, value distance (Mean  sides/ F(1127,119)  P-value distance (Mean  side/subjects
119) + SD) (mm) subjects + SD) (mm)
Theta 0.8904 0.3674 39+20 13/8 1.2132 0.1790 3817 13/8
Alpha 0.7115 0.0081 48+22 13/8 1.5342 0.0034 34+15 14/8
Low beta  1.6513 6.6861e 33x14 12/8 1.8554 3.5150e-05 3315 15/8
-04
High 4.3026 1.0164e 2409 12/8 1.5653 0.0022 35+15 12/7
beta -18
gamma 1.9663 6.9584e 32+13 14/8 0.7378 0.0183 43+22 15/8
-06

Data are from the 16 contact-pairs with the highest relative power in each band from across the group. The total number of sides and patients from
which these are drawn are also given. Theta, alpha, low beta, high beta and gamma were taken as 4-8 Hz, 8-12 Hz, 13-20 Hz, 21-32 Hz, and 60—
90 Hz during rest and 4-8 Hz, 8-12 Hz, 16-20 Hz, 21-36 Hz and 59-73 Hz during movement, respectively. P-values in bold are significant
following correction for multiple comparisons using the false discovery rate, and, when interpreted in terms of the difference in the subgroup mean
Euclidean distance relative to that of the whole group (4.0 + 1.9 mm), determine whether subgroups were more, or less, distributed in space than
the master group of all 48 contacts.
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