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Abstract

Obijectives

Unilateral STN DBS for Parkinson’s disease (PD) improves ipsilateral symptoms, but how
this occurs is not well understood. We investigated if unilateral STN DBS suppresses
contralateral STN beta activity in the local field potential (LFP), since previous research has
shown that activity in the beta band can correlate with the severity of contralateral clinical

symptoms and is modulated by DBS.

Methods

We recorded STN LFPs from 14 patients who underwent bilateral STN DBS for PD.
Following a baseline recording, unilateral STN stimulation was delivered at therapeutic

parameters whilst LFPs were recorded from the contralateral (unstimulated) STN.

Results

Unilateral STN DBS suppressed contralateral beta power (p = 0.039, relative suppression = -
5.7% £ (SD) 16% when averaging across the highest beta peak channels; p = 0.033, relative
suppression = -5.2% + 13% when averaging across all channels). Unilateral STN DBS
produced a 17% ipsilateral (p=0.016) and 29% contralateral (p=0.002) improvement in upper
limb hemi-body bradykinesia-rigidity (UPDRS-III, items 3.3-3.6). The ipsilateral clinical

improvement and the change in contralateral beta power were not significantly correlated.

Conclusions

Unilateral STN DBS suppresses contralateral STN beta LFP. This indicates that unilateral
STN DBS modulates bilateral basal ganglia networks. It remains unclear whether this

mechanism accounts for the ipsilateral motor improvements.



Introduction

Unilateral STN DBS for Parkinson’s disease improves ipsilateral symptoms, but how this
occurs is not well understood. The effect of unilateral STN stimulation on the contralateral
STN has been studied in patients undergoing STN implantation after the other side has
already been implanted®>®. The results are mixed, showing increases®® and decreases’® in
single®® and multi-unit® activity in the contralateral STN. One study showed a reduction in

contralateral beta oscillations from single unit recordings in a subset of recordings®.

Local field potential (LFP) recordings from the STN have shown that activity in the beta
band can correlate with the severity of contralateral clinical symptoms in Parkinson’s disease
and is modulated by DBS®°, We therefore hypothesise that the effect of STN DBS on
ipsilateral symptoms might be due to suppression of beta activity in the STN contralateral to
stimulation. As previous studies of DBS induced changes in contralateral STN have not
explicitly explored changes in the LFP we sought to study the effect of unilateral STN DBS

on contralateral STN LFPs in patients who have undergone bilateral STN DBS.

Methods

We studied 14 patients (28 STN sides) who underwent bilateral STN DBS using MRI guided
targeting and Medtronic 3389 electrodes at King’s College Hospital, London (Table 1)!1. The
study was approved by the local ethics committee and all patients provided informed consent.
The electrode positions were confirmed postoperatively by CT/MRI fusion*2. At least one

contact in bipolar recordings was positioned within the STN itself or within 2mm of the STN.

Recordings were obtained from externalised electrodes 4-6 days after surgery and after

overnight withdrawal of medication. LFPs were amplified, low-pass filtered at 550 Hz,



sampled at 2048Hz, common average referenced and recorded with a TMSi Porti amplifier
(TMS International, Netherlands). The baseline consisted of a 2-minute recording from both
STN and separate clinical examination of the upper limbs (UPDRS-I11, upper limb
bradykinesia-rigidity items 3.3-3.6). Following this, bipolar stimulation was delivered at
130Hz and 60us (N-vision, Medtronic) while LFPs were recorded from the contralateral side.
The cathode/anode combination and voltage used for each patient were those that produced
optimal clinical improvement in a previous testing session (Table 1). The recording at rest
was stopped after 12 minutes of stimulation and the clinical assessment was repeated whilst
stimulation continued. The sides were switched and the same procedure repeated after a 10

minute washout period.

Data pre-processing

All spectral analyses were performed in MATLAB (RRID:SCR_001622, v. 2016a, The
MathWorks Inc., Natick, Massachusetts). Spatially focal bipolar signals were computed off-
line by subtracting the data from two adjacent electrode contacts®®. Data were high-pass
filtered (fieldtrip-function ft_preproc_highpassfilter**, 1Hz cut-off, Butterworth filter, filter
order = 4, passed forwards and backwards) and artefacts were excluded upon visual
inspection (2.5 + 4.2% data points were excluded). To match the data length between the

recordings, only the final two minutes of each stimulation recording were analysed.

Spectral analyses
After z-scoring and down-sampling the data to 200Hz, the power spectral density between 5-
45Hz (with a 0.5Hz resolution) was estimated using Welch’s method (MATLAB function

pwelch, overlap = 0.5, 2s hamming window). This method calculates the power by computing



the discrete Fourier transform in overlapping windows and then averages across resulting
spectra to attenuate peaks due to noise. The resulting spectra were smoothed with a 3Hz-wide
moving average (MATLAB function smooth) to reduce sharp bumps in the spectra. Data
from five electrodes (P3 Le, P4 Le, P10 Le, P12 Le, P13 Ri) and from three bipolar channels
of two electrodes (P3: R2R3, P12: L1L2, L2L3) had to be excluded because the spectra in the
STIM_OFF and STIM_ON condition showed strong offsets across the 5-45Hz band
consistent with elevated noise levels secondary to contamination with stimulation artefacts.

This resulted in 66 bipolar signals from 23 electrodes that were analysed.

Detection of the bipolar signal with the strongest beta peak

Because past research has linked maximal beta band activity to the dorsal (motor) region of
the STN®>Y7 which also corresponds to the site that offers the most effective
stimulation®8° we wanted to test if beta suppression is particularly pronounced in the
region that exhibits the strongest beta peak. We therefore selected the bipolar contact pair
with the highest amplitude in the beta band (detected after log-log transforming the spectra
and subtracting the linear trend fitted with a robust regression using the MATLAB function
robustfit) and averaged the beta power at this across electrodes, as well as averaging the beta

power across all contact pairs before averaging across electrodes.

Statistical testing

Statistical tests were performed on the average across all bipolar signals, as well as on the
bipolar signals that showed the highest beta peak and the signals obtained from the contacts
that were used for stimulation. Pairwise comparisons of average beta power (13-30 Hz)

between the ON_STIM and OFF_STIM condition and clinical data were analysed with t-tests



or nonparametric Wilcoxon signed-rank tests if Lilliefors tests showed that the data were not
normal distributed. Where t-tests were computed, the t-statistics are reported after the p-
value. 95% bootstrapped confidence intervals of the mean beta power difference across
subjects were computed using the MATLAB function bootci (using 2000 samples). Note that
for one comparison the confidence limits (CLs) included zero despite the p-value calculated
with a non-parametric Wilcoxon-signed rank test being below 0.05. This can happen because
bootstrapped CLs take the skewness of a distribution into account while the non-parametric

test is based on ranking the data, giving less weight to the extent of the differences.

Multiple-comparison correction for power differences across multiple frequency bins was
performed by using a cluster-based permutation correction approach?. The condition labels
were randomly permuted 2000 times such that each data pair was maintained but its order of
subtraction might change (resulting in a change in sign for this pair) to create a null-
hypothesis distribution. Suprathreshold-clusters (pre-cluster threshold: P<0.05) were obtained
for the original unpermuted data and for each permutation sample by computing the z-scores
relative to the permutation distribution. If the absolute sum of the z- scores within the original
suprathreshold-clusters exceeded the 95" percentile of the 2000 largest absolute sums of z-

scores from the permutation distribution, it was considered statistically significant.

Correlations between spectral and clinical measures were performed with Spearman’s

correlation.

Results

LFP

The power spectra show beta power (13-30 Hz) suppression during stimulation of the

contralateral STN (Figure 1). The suppression was apparent when averaging across the



spectra from un-normalised signals recorded from all the contacts of each electrode (top left
panel, Wilcoxon-signed rank test, n =23, p = 0.033, relative suppression = -5.2% =+ (SD)
13%, bootstrapped 95% Cls = [-10.7%, -0.6%]). A number of further exploratory analyses
were performed to test the robustness of this finding. Averaging across the highest beta peak
channels (top middle panel, Wilcoxon-signed rank test, n = 23, p = 0.039, relative
suppression = -5.7% + 16%, Cls = [-12%, 0.5%]) and across the bipolar contacts used for
stimulation (top right panel, p = 0.101, relative suppression = -5.9% =+ 13.3%, Cls = [-11.6%,
-0.8%]) also revealed beta power suppression. In addition, significant beta power suppression
was evident when normalizing the power spectra relative to the 5-45 Hz power average taken
across both the baseline and the stimulation condition (middle panels; Wilcoxon-signed rank
tests, n = 23, average over all channels: p = 0.042, relative suppression = -6.9% + 16%, Cls =
[-15.3% -2.0%]; highest beta peak channels: p = 0.042, relative suppression = -8.7% + 20%,
Cls = [-18.2% -2.1%]; bipolar contacts used for stimulation: p = 0.024, tx, = -2.4, relative

suppression = -6.7% + 13.3, Cls = [-13.0% -2.1%)]).

Note that the strength of relative suppression had a large variability relative to the effect size,
partly because three recordings, which did not show a distinct beta peak, were also included
in the analyses. The variability is illustrated by the confidence limits specified above and
illustrated in the top and middle panels of Fig 1, and in the individual results given in the
lower panels of the same figure. The effects were increased if the sides without a clear beta
peak were excluded (Wilcoxon-signed rank tests, n = 20; un-normalised: average over all
channels: p = 0.014, relative suppression = -6.8% + 12.6%, Cls = [-12.5% -1.9%]; highest
beta peak channels: p = 0.017, relative suppression = -7.7% + 16.3%, Cls = [-14.7% -0.6%)];
bipolar contacts used for stimulation: p = 0.026, tio=-2.4, relative suppression = -8.1% +

12.6%, Cls = [-13.6% -2.7%]; normalised to total power: average over all channels: p = 0.011,



relative suppression = -8.6% + 16.2%, Cls = [-17.2% -3.0%]; highest beta peak channels: p =
0.012, relative suppression = -11.% + 20.7%, Cls = [-22.2% -3.8%]; bipolar contacts used for
stimulation: p = 0.009, t19 = -2.9, relative suppression = -8.6% + 13.2%, Cls = [-14.9% -

3.3%]).”

Clinical

Two patients did not tolerate the clinical testing (P3 and P4) and one patient tolerated testing
on one side only (P6). The mean baseline UPDRS score, including both the left and right
sides, was 6.1. Unilateral STN stimulation produced a 17% ipsilateral (Wilcoxon-signed rank
test, n = 23, p=0.016) and 29% contralateral (Wilcoxon-signed rank test, n = 23, p=0.002)
improvement in upper limb hemi-body UPDRS. There was a significant difference between
the ipsilateral and contralateral clinical change (Wilcoxon-signed rank test, p=0.015). The
clinical improvement and the change in beta power were not significantly correlated (Figure

2).

Discussion

Since beta LFP activity is exaggerated in Parkinson’s disease and its suppression by DBS
improves with clinical symptoms®*°, a reduction in contralateral beta LFP following
unilateral stimulation could mediate ipsilateral clinical improvement. However, the degree of
beta suppression in the STN contralateral to the stimulated STN was small, ranging from
about 5 to 11% depending on how it was estimated. Whitmer et al. (2012) and Eusebio et al.
(2011) reported a suppression of beta activity during simultaneous recording and stimulation

of the same STN of 47% and 54%, respectively®?*. These suppressions are much greater than



the changes in the contralateral STN reported here, although it should be noted that earlier
reports that included a significant number of STN without beta peaks estimated much smaller
changes during simultaneous recording and stimulation of the same STN?223,  Although
there was a significant improvement in ipsilateral clinical symptoms in our cohort,
contralateral beta LFP changes and ipsilateral clinical change were not significantly
correlated. This may be due to a variety of factors, including the variability in the spectra
across patients and the variable clinical response to STN DBS in the early postoperative
period.

The clinical assessor was not blinded to the stimulation side, which may have introduced
bias. Our clinical results are however, broadly similar to those reported for double-blinded

assessments for contralateral and ipsilateral STN stimulation®>4,

This study adds to the literature demonstrating that unilateral intervention in the basal ganglia
produces changes in the contralateral basal ganglia®2*2". The functional anatomy of the basal
ganglia incorporates the brainstem and thalamic nuclei, the hypothalamus, limbic system and
cerebral cortex?®2°. The mechanism by which the contralateral beta LFP is modulated is
unknown, although STN-STN connections® and other indirect crossed pathways may be
relevant®-3*, The observation that unilateral subthalamotomy leads to bilateral clinical
improvement®% also suggests that the basal ganglia on the two sides are functionally
coupled, and supports the hypothesis that changes in the contralateral STN are probably due

to cross-hemispheric pathways rather than volume-conducted spread of stimulation®’.

In contrast to microelectrode recordings, LFPs likely reflect synchronous changes in the input
to a population of neurons®. Showing that such activity is modulated on the contralateral side

to stimulation suggests that DBS is capable of modulating specific networks that mediate



neural synchrony in the opposite hemisphere®. It has been proposed that DBS may work by
directly disrupting pathological synchronization'®%°. Our findings call for an explanation of
how this occurs in the contralateral hemisphere, and raise the possibility that DBS may

modulate neural networks in the ipsilateral hemisphere.

The effect of unilateral stimulation on contralateral beta LFP shown in this study is similar in
frequency to the effect observed in the stimulated STN*. However, previous work has shown
that unilateral dopaminergic lesions of the substantia nigra’ and chemical activation or
inhibition of the thalamic parafascicular nucleus*, which have direct projections to the
contralateral STN, have opposite effects on firing rates in the ipsilateral and contralateral
STN. These observations highlight the complexity of cross-hemispheric basal ganglia
interactions at single neuron and population levels and the need for further studies to guide

neuromodulation approaches.

Unilateral STN DBS has sometimes been performed in preference to bilateral STN DBS
when symptoms are predominantly lateralised, with the opposite side being implanted at a
later date if required . If the anatomical basis of the contralateral effect can be better
understood, the question arises as to whether the targeting of unilateral DBS can be optimised

to enhance the ipsilateral effect to reduce or delay the need for bilateral implantation®?.
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Table 1: Patient characteristics

Han | Disease | Sympt Pre-op Left Right
ded Duration | om UPDRS Stim Stim
Patient Sex | Age | ness | (years) side Symptoms off/on

Right hand tremor, right leg tremor, jaw 0-, 1+, 0-, 1+,
Both tremor, left arm tremor, bradykinesia, 1v v

1| M 74 | R 16 | (R>L) | rigidity 30/5.5
Both Right hand tremor, right leg tremor, 0-, 1+, 0-, 1+,
2| M 58 | R 7 | (R>L) dyskinesia, fluctuations 41/12 2.5V v
Both Right hand tremor, off symptoms, 0-, 1+, 0-, 1+,
3| M 57 | R 6 | (R>L) fluctuations, freezing 14/4.5 2V 2V
0-, 1+, 0-, 1+,
4 | M 68 | R 12 | Both Freezing, fluctuations, dyskinesia 40/17 2V 3V
0-, 1+, 0-, 1+,
5| M 61 | R 11 | Both Tremor, dyskinesia 53/26 2.5V 2.5V
0-, 1+, 0-, 1+,
6| M 65 | R 10 | Both Tremor, bradykinesia, freezing 37/9 1.5V 1.5V
0-, 1+, 0-, 1+,
7| F 70 | R 20 | Both Tremor, rigidity, bradykinesa, dyskinesia 54/19 2.5V 2.5V
Tremor, bradykinesia, rigidity, 0-, 1+, 0-, 1+,
8| M 69 | R 17 | Both camptocomia, dyskinesia 37/18.5 2.5V 2.5V
0-, 1+, 0-, 1+,
9| M 72 | R 5 | Both Tremor, bradykinesia 41/23.5 2.5V 2.5V
1-, 2+, 0-, 1+,
10 | F 75 | R 7 | Both Tremor, bradykinesia, freezing 36/19 2v 2V
0-, 1+, 0-, 1+,
11 | M 54 | R 8 | Both Tremor, bradykinesia, rigidity 29.5/5 2V 2V
1-, 2+, 0-, 1+,
12 | M 5 | R 6 | Both Rigidity, bradykinesia, tremor 46/8 2V 2V
Both 0-, 1+, 0-, 1+,
13 | M 71 | R 15 | (R>L) Tremor, rigidity, bradykinesia 12/4 2.5V 2.5V
0-, 1+ 0-, 1+
14 | M 65 | R 9 | Both Tremor, dyskinesia, off-dystonia 26/9.5 2V 2V
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Beta power suppression with contralateral DBS. The panels in the left column show the average power
spectral density (top) and relative power change (middle and bottom) of all bipolar signals without
preselecting any channels. The panels in the middle column show the average across the 23 bipolar
signals with the highest beta peak from each electrode. The panels in the right column show the average
of the 23 bipolar signals corresponding to the contacts used for stimulation. Shaded areas show the
standard error of the mean. Green lines show recordings where beta power decreased when the
stimulation was on, black lines show recordings where it increased.



Figure 2
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Scatter plots showing the correlations between the improvement of the bradykinesia UPDRS scores
obtained ipsilateral to the stimulated STN and the beta power suppression occurring with contralateral
stimulation relative to the baseline recording. The titles show the Spearman’s correlation coefficients,
which were not significant. Improvement is positive on the y-axis, and baseline-stimulation STN beta
power (on the x-axis) is also positive if beta was suppressed on stimulation. The x-axis on the left panel
shows the average 13-30 Hz difference of all bipolar signals without pre-selecting any channels. The x-
axis on the middle panel shows the 13-30 Hz difference from the bipolar signals that showed the highest
beta peak (one per electrode). The x-axis on the right panel shows the 13-30 Hz difference of the
bipolar signals corresponding to the contacts used for stimulation. Only 20 recordings are shown as the
patients did not tolerate the UPDRS testing in three recordings.
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