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On-Off and Proportional Closed-Loop
Adaptive Deep Brain Stimulation Reduces
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ABSTRACT
Objectives: Closed-loop adaptive deep brain stimulation (aDBS) continuously adjusts stimulation parameters, with the potential
to improve efficacy and reduce side effects of deep brain stimulation (DBS) for Parkinson’s disease (PD). Rodent models can
provide an effective platform for testing aDBS algorithms and establishing efficacy before clinical investigation. In this study, we
compare two aDBS algorithms, on-off and proportional modulation of DBS amplitude, with conventional DBS in hemi-
parkinsonian rats.

Materials and Methods: DBS of the subthalamic nucleus (STN) was delivered wirelessly in freely moving male and female
hemiparkinsonian (N = 7) and sham (N = 3) Wistar rats. On-off and proportional aDBS, based on STN local field potential beta
power, were compared with conventional DBS and three control stimulation algorithms. Behavior was assessed during cylinder
tests (CT) and stepping tests (ST). Successful model creation was confirmed via apomorphine-induced rotation test and Tyrosine
Hydroxylase–immunocytochemistry. Electrode location was histologically confirmed. Data were analyzed using linear mixed
models.

Results: Contralateral paw use in parkinsonian rats was reduced to 20% and 25% in CT and ST, respectively. Conventional, on-off,
and proportional aDBS significantly improved motor function, restoring contralateral paw use to approximately 45% in both tests.
No improvement in motor behavior was observed with either randomly applied on-off or low-amplitude continuous stimulation.
Relative STN beta power was suppressed during DBS. Relative power in the alpha and gamma bands decreased and increased,
respectively. Therapeutically effective adaptive DBS used approximately 40% less energy than did conventional DBS.

Conclusions: Adaptive DBS, using both on-off and proportional control schemes, is as effective as conventional DBS in reducing
motor symptoms of PD in parkinsonian rats. Both aDBS algorithms yield substantial reductions in stimulation power. These
findings support using hemiparkinsonian rats as a viable model for testing aDBS based on beta power and provide a path to
investigate more complex closed-loop algorithms in freely behaving animals.
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INTRODUCTION

Closed-loop deep brain stimulation (DBS), commonly termed
adaptive DBS (aDBS), adjusts stimulation parameters on the basis of
biomarkers of pathological neural activity, promising better control
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of both symptoms and side effects in patients with Parkinson’s
disease (PD), along with extended battery life.1–3 Local field
potential (LFP) activity in the beta frequency (13–30 Hz) range has
been the most commonly proposed biomarker for aDBS to date.
Elevated beta activity can be detected throughout the cortico-basal
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ganglia network of individuals with PD and is a hallmark patho-
logical feature of PD.4 Increased local and interhemispheric syn-
chronization accompanied by longer beta bursts has been reported
during periods of clinical impairment.5 Elevated beta activity has
been shown to be reduced during DBS and is correlated with
motor impairment.5 These features, combined with the ability to
record LFPs at nonstimulating contacts on the DBS lead, make LFP
beta power an appealing biomarker for closed-loop DBS.
Closed-loop DBS based on subthalamic nucleus (STN) beta power

has been successfully shown in humans using on-off, dual threshold,
and proportional control algorithms.6–8 Technical challenges, how-
ever, have limited the clinical application of closed-loop DBS to date.
Most reported studies have examined small numbers of patients,
over short periods, often within a hospital setting or during the
postoperative period with the patient immobile.6,8 Although a range
of different possible control algorithms have been proposed, many
based on computational studies,9–11 a direct comparison of the
performance of different control algorithms within the same pop-
ulation has not been reported. Long-term performance of closed-
loop DBS in patients has also not yet been examined. Conse-
quently, it is not clear whether closed-loop algorithms, particularly
when extending beyond simple modulation of DBS amplitude, may
cause unforeseen effects or interact adversely with other oscillations
and rhythms within the brain network.
Preclinical testing in animal models offers a platform for testing the

efficacy and establishing the long-term safety of different aDBS
methods. It remains an important step in the pipeline for clinical
translation of closed-loop DBS. Closed-loop DBS based on primary
motor cortex or globus pallidus internus activity has been shown to
improve akinesis in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) model in two African green monkeys,12 and aDBS based on
STN beta power, in addition to continuous DBS, has been shown to
improve rigidity but not tremor in the MPTP model in one rhesus
macaque.13 Although nonhuman primates (NHP) are particularly
appealing model animals because of their similarities to humans, the
ethical and legal considerations of NHP studies, in addition to their
increased cost, lead to low sample sizes, which is an important lim-
itation. In contrast, the rat is particularly suitable owing to its size,
availability, and the existence of an established PD model in the 6-
hydroxydopamine (6-OHDA) rat model.14 In addition, the 6-OHDA
rat has been previously used to study the effectiveness of DBS,15–17

and it exhibits enhanced beta activity, which can be used as a
biomarker, although its prominence depends on alertness levels and
movement state.18–20 Finally, using wireless recording and stimula-
tion systems allows animals to exhibit a full range of movement
without being impeded by a tether.21–23 Although the efficacy of
continuous DBS has been shown in several studies,24–28 closed-loop
aDBS has not yet been evaluated in the 6-OHDA rat. To address this,
the aim of this study was to examine the effect of closed-loop aDBS
algorithms on motor impairment, STN beta power, and stimulation
power in freely moving 6-OHDA rats. The efficacy of two closed-loop
algorithms, on-off and proportional amplitude modulation, was
examined and compared with that of conventional open-loop DBS.
MATERIALS AND METHODS
Rodent Study
Study Design
Adult male (N = 8) and female (N = 2) naive Wistar rats were

implanted with a stimulation and recording multielectrode array
www.neuromodulationjournal.org © 2023 The Authors. Published b
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(MEA) in the left STN. Rats were either rendered hemiparkinsonian
by injection of 6-OHDA (PD group, N = 7) or sham operated (sham
group, N = 3). One rat in each group, PD and sham, was female. A
randomized block design was used. Behavioral assessment began
three weeks after surgery, when the toxin model was fully devel-
oped and was performed under seven different conditions: 1) no
stimulation, 2) conventional 130 Hz open-loop DBS, 3) on-off
closed-loop stimulation based on STN relative beta power, 4) pro-
portional closed-loop stimulation based on STN relative beta
power, 5) randomly timed on-off stimulation (as a control for
closed-loop on-off control), 6) low-amplitude stimulation at the
mean, and 7) 20th percentile of the amplitude delivered during
proportional control (as controls for the proportional control
algorithm). Current-controlled DBS (20–100 μA) was applied to the
ipsilateral STN through the implanted electrodes. For each rat, the
individual stimulation amplitude was set at 80% of the stimulation-
induced dyskinesia threshold.

During each recording session, the following sequence was
performed. After acclimatization to the behavior room, a baseline
LFP was recorded for 60 seconds, followed by selection of stimu-
lation amplitude. Stimulation was applied for 5 minutes before
commencing behavioral tests. LFP data were recorded using the
MCS Experimenter software (Multi Channel Systems, Reutlingen,
Germany) during each of the behavioral tests (5-minute CT, 5-
minute open field test [OFT] followed by 10 minutes rest and 5-
minute repeat OFT and the duration of the ST [2–3 minutes]).
The behavior of the animal was simultaneously recorded using the
Ethovision (Noldus, Wagenigen, The Netherlands) video tracking
system. The sequence of stimulation algorithms and the order of
rats were randomized.

At the end of the study (maximal 16 weeks), rats were perfused
with formalin and brains harvested for histologic assessment.
Analysis of histologic slides was computerized, eliminating the
need for blinding. The sample size calculation with a power of 80%
and α-level of 0.05 was based on29 the estimated effect of different
DBS algorithms. The primary outcome measures were the contra-
lateral paw use in the behavioral assays, change in relative beta
power in recorded LFPs, and change in the average power
delivered.

Scientific animal work was approved by the University College
Dublin Animal Research Ethics Committee (AREC 17-22) and
licenses by the Health Product Regulatory Authority Ireland
(AE18982-P122). Reporting in the animal study followed the ARRIVE
2.0 guidelines.
Animal Husbandry
Rats were housed in stable pairs for a minimum of one week

before recovery surgery and stayed in those pairs after recovery
surgery.30 After surgery, rats were monitored daily for four days and
three times per week thereafter. A custom score sheet including
the Rat Grimace Scale,31 a facility-specific health-score system
based on clinical appearance and a score measuring motor deficits,
was used for welfare assessment. Assessment and treatments fol-
lowed no set order. General housing condition in a specific-path-
ogen–free facility included a 12/12-hour light-dark cycle in a
temperature (21.6 ◦C ± 0.5 ◦C) and humidity (50.8% ± 6.1%)
controlled environment and access to water and standard rodent
diet ad libitum. Cages contained woodchip bedding, paper shreds,
a hammock, and enrichment in the form of wooden balls or sticks
and a cardboard tunnel in later blocks. Rats were fed on the ground
y Elsevier Inc. on behalf of the
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because the cement cap could become entangled in metal food
dispensers. Cages were cleaned twice per week.
Multielectrode Array Implantation and PD Disease Model
At the time of surgery, rats weighed 377 ± 75 g and were 11.2 ±

2.2 weeks old. Stereotaxic surgery was performed under gaseous
anesthesia (induction with 4.5% isoflurane in 4 l/min oxygen and
maintenance with 1.2%–1.8% isoflurane in 1 l/min oxygen). The
depth of anesthesia was monitored continuously using the pedal
withdrawal reflex and corneal reflex. Surgical practice included
temperature control using a heating blanket, an aseptically pre-
pared surgical field, subcutaneous (s.c.) antibiosis given before and
three days after surgery (Gentamicin [6 mg/kg] QD), tear replace-
ment ointment (Vidisic, Dr Gerhard Mann, Chem.-pharm. Fabrik
GmbH, Berlin, Germany), local anesthesia at the skin incision
(maximum 0.05 ml 0.5% Lidocaine, diluted from Lidocaine 1%,
Hameln Pharmaceuticals Ltd, Gloucester, UK), anesthetic cream at
the ear bars (Emla 5% cream, AstraZeneca, Cambridge, UK) and
analgesia (Buprenorphine one hour before and three days after
surgery (0.015 mg/kg s.c., four times a day). With the animal placed
in a stereotaxic frame (Stoelting, Dublin, Ireland) with nonrupture
ear bars, a medial skin incision was made; the reference points
bregma and lambda were exposed and four bone screws (1.59 mm,
Stoelting) inserted. For the PD disease model, 15 μg 6-OHDA (6-
Hydroxydopamine hydrobromide, Sigma-Aldrich, Arklow, Ireland),
freshly prepared on the day in 0.9% saline solution with 0.01%
ascorbic acid (Sigma-Aldrich) and kept in a dark vial on ice, was
injected into the left medial forebrain bundle (stereotaxic coordi-
nates: −4.0 mm craniocaudal, 1.3 mm lateromedial from bregma,
and −7.0 mm dorsoventral from the dura, tooth bar at 4.5 mm) over
5 minutes, with the cannula left in place for another 10 minutes to
allow diffusion. A PlIr MEA with six contacts (each contact ø 75 μm,
two for stimulation, four for recording) was implanted into the left
STN (stereotaxic coordinates: −3.6 mm craniocaudal, −2.5 mm lat-
eromedial from bregma, and −7.6 mm dorsoventral from the dura).
The size of the rat’s skull was considered and if necessary controlled
for. In the sham group, instead of the neurotoxin, the same amount
of vehicle was injected and an MEA implanted. Once positioned,
the MEA was fixed with cyanoacrylic glue (Loctite, Henkel, Ger-
many), and the skull was covered with a cap of dental cement
(Dentalon plus, Heraeus Kulzer GmbH, Hanau, Germany), envelop-
ing the connector for the headstage and forming a platform to
secure the headstage. The skin was realigned caudally using an
intradermal suture (Vycyl 4-0, Ethicon Inc, Somerville, NJ).
3

Behavioral Tests
All behavioral tests were performed in a designated behavior

suite before 12 PM by the same researcher. The room had a tem-
perature of 21.4 ◦C ± 0.48 ◦C, humidity of 53% ± 4.9%, light of 12 ±
3 lux, and noise level of 42 ± dB. Behavioral tests were recorded
using Ethovision XT 15 (Noldus) and a camera (Basler acAI300,
Basler, Ahrensburg, Germany). The model was confirmed by
apomorphine-induced rotation test. Apomorphine was injected at
0.25 mg/kg, and clockwise and counterclockwise rotations were
counted in 5-minute bins for 60 minutes in an OFT box (64 × 64
cm). All animals showed at least two rotations per 5 minutes and
were used (data not shown). Akinesia for each stimulation algo-
rithm was assessed using the CT and ST. Bradykinesia was assessed
using the OFT. The CT was the first test performed by each rat on
www.neuromodulationjournal.org © 2023 The Authors. Published b
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each day. The rat was placed in a transparent plexiglass cylinder
ø24 cm, 46 cm high) for 5 minutes. For the OFT, rats were placed in
one corner of a square box (64 × 64 cm) and their movement
recorded for 5 minutes. The OFT was repeated after a 10-minute
rest period. For the ST, rats were moved at a speed of 90 cm in 6
seconds over the tabletop while the hind paws and one front paw
were supported by the researcher. Four trials of each paw were
performed while alternating the paws between trials.
Histology and Immunocytochemistry
Rats were anesthetized (induction with 5% Isoflurane in 5 l/min

oxygen). Anesthesia was deep enough to abolish the pedal with-
drawal reflex completely, and the animal was transcardially
perfused with phosphate buffered saline (Sigma-Aldrich), followed
by 10% formalin (Sigma-Aldrich), after administration of heparine
(625 IU/rat, INNOHEP 2500 IU, LEO Pharma, Ballerup, Denmark). The
brain was harvested for histologic assessment. The brain tissue was
paraffin embedded, and 4 μm coronal slices were cut
(Leica RM2135 microtome, Leica Biosystems, Newcastle, UK) for
standard hematoxylin and eosin (H&E) staining and immunocyto-
chemistry for Tyrosine Hydroxylase (TH). Immunohistochemical
staining for TH was carried out on a Bond-III immunostainer (Leica
Biosystems). Primary antibody TH (EMD Millipore, AB152) was
diluted in Bond Primary Antibody Diluent (Leica, AR9352) at 1/100.
Pretreatment of samples was carried out on the Bond-III using Bond
Epitope Retrieval Solution I (Leica, AR9961) for 20 minutes. Detec-
tion and visualization of stained cells were achieved using the Bond
Polymer Refine Detection Kit (Leica, DS9800) with Bond DAB
Enhancer (Leica, AR9432). The tissues were counterstained with
hematoxylin and cover slipped. For location of the multielectrode
array, five to ten coronal slices 40 μm apart were cut in the STN area
and stained with H&E. For the TH-immunocytochemistry, five cor-
onal slices 40 μm apart were cut in either the substantia nigra or
striatum area and stained for tyrosine hydroxylase. Slices were then
scanned at 40× magnification (ScanScope XT, Aperio Technologies,
Vista, CA) and computationally analyzed using custom-developed
code in MATLAB (MathWorks, Natick, MA). The densities of
stained pixels in the striatum and substantia nigra pars compacta
were quantified in both hemispheres and the difference expressed
as a percentage.
Data Acquisition and Stimulation System
LFP data were recorded, and DBS applied using a wireless pro-

grammable, battery-powered headstage system (W2100, Multi
Channel Systems). Within the headstage, LFP data were filtered
between 1 Hz and 5 kHz, amplified with a gain of 100, sampled at
20 kHz using a 16-bit analog-to-digital converter, and wirelessly
transmitted to the receiver. The receiver was connected to an
interface board containing a digital signal processor that was
programmed to process the recorded signal and determine the
stimulation to be applied using the selected feedback control
algorithm. The stimulation amplitude was then updated at the
headstage to apply one of up to 16 stored stimulation patterns
based on the parameters determined by the control algorithm. The
total delay of the closed-loop system, including wireless trans-
mission, biomarker computation, and DBS pulse definition, was
determined to be <20 milliseconds. An overview of the experi-
mental setup is presented in Figure 1.
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Figure 1. Schematic illustration of the closed-loop recording and stimulation setup. The signals recorded from the animals are presented in blue; the signals
processed by the digital signal processor (DSP) unit present on the interface board (IFB) are presented in red; the stimulation signals are shown in green. Sample
stimulation waveforms are shown for continuous, on-off, and proportionally controlled aDBS based on relative beta power. The mean and 20th percentile of the
stimulation amplitude used during proportional aDBS were estimated for low-amplitude stimulation (inset). GUI, graphical user interface. [Color figure can be viewed
at www.neuromodulationjournal.org]
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Deep Brain Stimulation
Biomarker
DBS amplitude was modulated on the basis of the relative

amplitude of the power in the beta band of the STN LFP. The
relative beta power rather than absolute power was chosen as the
biomarker to control for possible changes in the overall power of
the signal. To obtain the biomarker, the LFP signal was first
downsampled to 500 Hz using a two-step antialiasing low-pass
filter (Butterworth, third order) and downsampling with zero
order hold. Beta activity was extracted using a 13-to-30–Hz band-
pass filter (Butterworth, sixth order). The relative beta power was
estimated from the last 50 samples (100 milliseconds) as

β[n] =
∑49
i=0

x213;30[n−i]

∑49
i=0

x2T [n−i]
(1)

where x13;30 is the signal bandpass filtered in the 13-to-30–Hz
frequency band, and xT is the signal before bandpass filtering.
Stimulation Paradigms
Monopolar cathodic stimulation was applied using biphasic

charge balanced rectangular pulses, of equal amplitude and 80 μs
duration, with a stimulation frequency of 130 Hz.32 The following
six stimulation paradigms were implemented.
Open-loop continuous stimulation, similar to that used clinically,

was included as a benchmark. To set the stimulation amplitude, a
stepwise approach was used for each rat, starting at 20 μA. The
www.neuromodulationjournal.org © 2023 The Authors. Published b
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stimulation amplitude was set at 80% of the stimulation-induced
dyskinesia threshold for each rat.

On-off stimulation was delivered intermittently, on the basis of
the current value of the beta biomarker. The threshold for stimu-
lation was set at approximately 50% of the maximum value of the
biomarker measured with stimulation off. When the biomarker
increased above threshold, stimulation was turned on using the
same stimulation amplitude as in open-loop continuous stimula-
tion. Stimulation remained on until the biomarker decreased below
the threshold value, shown in Figure 2a.

Proportional stimulation modulated DBS amplitude proportion-
ally to the magnitude of the beta biomarker. At each controller call,
the desired stimulation amplitude, u[t], was calculated as

u[t] = sat(kpβ[t]−τ
τ

) (2)

where sat is the saturation function, which limits the output
between 0 and the selected maximum stimulation amplitude; umax ,
kp is the proportional gain; β[t] is the current value of the
biomarker, in accordance with Equation (1), and τ is the stimulation
threshold. This allowed the stimulation amplitude to change in the
predefined range proportionally with the difference between the
stimulation threshold and the current biomarker value. The
threshold τ in the experiments was set to 0.1%, to obtain a high
level of beta suppression. To enable fast application of the selected
stimulation amplitude, 16 different stimulation patterns were
stored locally within the headstage. The actual stimulation ampli-
tude was selected by rounding u[t] to the nearest of the 16 pre-
defined values. Stimulation amplitude was therefore adjusted in
y Elsevier Inc. on behalf of the
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Figure 2. Illustration of proportional and on-off control modulating the DBS stimulation amplitude based on the biomarker values in a representative animal. The
maximum stimulation amplitude for this rat was set to 100 μA. The relative beta power was computed offline on the basis of the recorded LFP using the same
filtering and downsampling techniques as in the online system and then smoothed with a 100-millisecond moving average window. The displayed values are shifted
by 50 milliseconds to the midpoint of the moving average window. a. For the on-off algorithm, the stimulation has a predefined amplitude of 100 μA (black line)
when the beta power (red line) is above threshold (purple dashed line). b. For the proportional algorithm, the stimulation amplitude (black) is updated proportionally
to the relative beta power (red line). The maximum value of the stimulation amplitude during this recording session was set to 100 μA. [Color figure can be viewed at
www.neuromodulationjournal.org]
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linearly spaced discrete steps from 12.5% to 100% of the maximum
stimulation amplitude umax (Fig. 2b) and turned off completely
when the biomarker value fell below threshold.
The stimulation amplitude was updated approximately every 30

milliseconds during on-off and proportional stimulation and kept
constant between the updates.
To verify that the effects of the stimulation were due to the

closed-loop nature of the system, three more control algorithms
were implemented.
Random on-off stimulation delivered a stimulation pattern

equivalent to that applied during on-off stimulation, though with
stimulation applied at randomly chosen times. Stimulation was
sequentially turned on and off, with the duration of each interval
of stimulation selected randomly, with uniform distribution,
between 1 and 220 milliseconds, and the duration of each
interval “off” stimulation selected between 1 and 513 millisec-
onds. This resulted in stimulation being on for approximately 43%
of the recording, to match the average distribution from the first
on-off recordings.
Low-amplitude continuous stimulation. To verify that the

effects of the proportional stimulation were due to the controller
responding to changes in the biomarker rather than stimulation
at a minimum threshold, above which the amplitude was
modulated, continuous stimulation was applied at one of the two
reduced amplitudes compared with the amplitude used in the
open-loop stimulation experiments. The values were selected to
match the mean and the 20th percentile of the stimulation
amplitude used during proportional stimulation performed on
the same rat.
www.neuromodulationjournal.org © 2023 The Authors. Published b
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Data Analysis
Behavioral Data

For the CT, each touch of a paw (left, right, or both) on the
vertical walls was noted. Only trials with a minimum of ten wall
touches were used in the analysis. The ratio between ipsi- and
contralateral paw use was reported. For the ST, the number of
adjustment steps the rat made was counted for each paw. The
average of all four trials was presented as a ratio of ipsi- and
contralateral forepaw use. Counting for the CT and ST was per-
formed by one researcher (Judith Evers) blinded to the stimulation
protocol, with the video playing at half speed. The distance trav-
elled in the OFT was extracted from Ethovision (Noldus).
Analysis of Local Field Potentials
Of 602 LFP recordings, 53 were discarded owing to the presence

of excessive stimulation artifacts or noise. Ten signals were dis-
carded owing to 50-Hz power line noise that masked the under-
lying LFP, 28 owing to strong stimulation artifacts in the beta band,
ten owing to an absence of visible LFP activity in the recording, and
five owing to recording quality issues (baseline drift, breaks in the
recording, saturation). For each of the remaining 549 recordings,
the power spectrum of the signal was estimated using Welch’s
method (Hanning window, 2-second length, 50% overlap), and a
straight line was fitted to the log-log transform of the resulting
spectrum in the 2-to-100–Hz range to obtain an estimate of the 1/fn

component. The detrended power spectra in the 13-to-30–Hz
range after subtraction of the 1/fn background component were
then examined. In all the baseline recordings (N = 138), the most
y Elsevier Inc. on behalf of the
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prominent peak was visually identified in a double-blind setting by
two researchers (Judith Evers and Jakub Orłowski) independently.
When the researchers did not agree (N = 21), the peak was selected
on the basis of its prominence relative to average activity in the
adjoining frequency bands. The power within a 4-Hz band centered
on the beta peak (14–18 Hz, Effect of Stimulation on Spectral Power
section), Pβ, and the total power, PT , in the 10-to-100–Hz frequency
range were then estimated. Power at frequencies <10 Hz was
ignored to minimize the influence of 1/fn background noise (STN
LFP Beta Oscillations in 6-OHDA Rats section). A similar procedure
was applied to obtain relative power in the alpha (7–10 Hz), high
beta (20–40 Hz), and gamma (60–90 Hz) bands, with the power in
the alpha band normalized regarding the power in the 2-to-100–Hz
range. The relative beta power in each recording was estimated as
the ratio of Pβ/PT and compared with the same quantity from the
baseline recording obtained for the same day and the same rat
(Fig. 3).

Stimulation Power
The power delivered during continuous stimulation was esti-

mated as

Pstim = I2 ⋅ pw ⋅ f ⋅ Z (3)

where I is the stimulation current, pw is the pulse width, f is the
stimulation frequency, and Z is the electrode impedance.33 For on-
off and proportional stimulation, with time-varying amplitude, the
power was estimated for each period of constant amplitude, scaled
by the length of that period, summed, and normalized by the
length of the recording to obtain the average power.

Statistical Analysis
The baseline (no stimulation) in 6-OHDA and sham groups was

first compared using a one-tailed t-test to confirm presence of
behavioral symptoms of PD in the model. Linear mixed model
analysis was used to assess the influence of stimulation algorithm
on contralateral paw use in CT and ST, distance travelled in OFT, the
1/fn activity and relative alpha, beta (low and high), and gamma
power. Separate models were fitted to assess each feature and
group. The fixed effect for each model was stimulation, with ani-
mals included as a random intercept term.34 Main effects were
compared using Satterthwaite’s method,35 and post hoc tests were
conducted using estimated marginal means applying a Tukey
correction for multiple comparisons36 (R, version 1.7.2). The loca-
tion of the beta frequency peak in the LFP power spectrum also
was compared across stimulation conditions, using a linear mixed
model with the fixed-effect group and subject as a random inter-
cept term. Statistical analysis was conducted in R version 4.1.215
using the lmer (Bates), lmerTest (Kuznetsova), and emmeans
(Lenth) libraries.

RESULTS
Behavioral Tests
Rats in the 6-OHDA group had reduced use of their paw

contralateral to the injection side in the CT (t[33] = 8.17, p <
0.0001) and ST (t[34] = 6.65, p < 0.0001) and travelled less in the
OFT (t[70] = 2.37, p = 0.01), confirming the presence of parkin-
sonian motor impairments. In both CT and STs, continuous, on-off,
www.neuromodulationjournal.org © 2023 The Authors. Published b
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and proportional DBS significantly improved contralateral paw use
(Fig. 4a,c). In contrast, neither random on-off DBS nor continuous
DBS at the mean amplitude or 20th percentile of proportional
aDBS was effective (Fig. 4a,c). Linear mixed model analysis
confirmed a significant effect of stimulation algorithm (F[94.34] =
24.7, p < 0.001 and F[97.20] = 34.9, p < 0.001 for CT and ST,
respectively, post hoc tests in Supplementary Data Tables S1 and
S2). In the sham group, contralateral paw use was approximately
50%, and no significant effect of stimulation was observed
(Fig. 4b,d, F[21] = 0.001, p = 0.999 and F[21] = 0.56, p = 0.64 for
CT and ST, respectively, Supplementary Data Tables S1 and S2).
Stimulation had no effect on the distance traveled for any stim-
ulation algorithm in the 6-OHDA group (linear mixed model: F
[197.4] = 1.21, p = 0.30, data not shown).
STN LFP Beta Oscillations in 6-OHDA Rats
The average power spectrum of all the baseline recordings from

the 6-OHDA rats is presented in Figure 5a, and example power
spectra from one 6-OHDA and one sham rat are presented in
Supplementary Data Figure S5. A clear peak is visible at approxi-
mately 15 Hz in the average power spectrum of the 6-OHDA rats,
though not in the average spectrum of the baseline recordings
from the sham rats (Fig. 5b). The average spectra estimated indi-
vidually for each rat are presented in Supplementary Data
Figure S2. A linear mixed model was used to analyze differences
in relative beta power between the 6-OHDA and sham group. There
was no significant difference between the two groups (F[9.49] =
1.13, p = 0.31). The frequency at which the maximum peak within
the beta frequency band occurred in the LFP power spectrum of
the baseline recordings is presented in Figure 5c. In the 6-OHDA
rats, a peak within the beta frequency range was consistently
observed in the power spectrum of the STN LFP. In 85% of
recordings, the peak occurred in the low beta frequency (14–18 Hz)
range. In contrast, the sham rats did not preferentially exhibit a
peak within the low beta range (52% of the peaks fell in this range),
and the location of the most prominent peak was approximately
uniformly distributed throughout the beta range. The distribution
of the peak locations was significantly different between the 6-
OHDA and control rats (Fig. 5c). The kurtoses of the two distribu-
tions (1.11 for 6-OHDA rats and 0.18 for sham rats) differ signifi-
cantly, as confirmed by a two-sample Kolmogorov-Smirnov test (D
[14, 20] = 0.75, p < 0.001).

1/fn Noise increased during stimulation, regardless of the
algorithm used (Supplementary Data Figure S1). The increase in
1/fn noise during beta-triggered on-off stimulation and random
on-off stimulation was less than that during continuous stimu-
lation or proportional stimulation (linear mixed model: F
[6533.87] = 168.45, p < 0.001, post hoc tests in Supplementary
Data Table S3).
Effect of Stimulation on Spectral Power
In the 6-OHDA rats, the relative power in the STN LFP beta band

decreased with stimulation compared with the rat-and-day–
matched baseline recording, regardless of the algorithm used
(linear mixed model: t[363.09] = 108.7, p < 0.001 and post hoc tests
in Supplementary Data Table S4, Fig. 3a). No reduction was
observed in the sham rats (linear mixed model: t[39.1] = 0.43, p =
0.09, Fig. 3b).

The amount of suppression of beta activity, however, depended
on the stimulation algorithm. Lower levels of suppression of beta
y Elsevier Inc. on behalf of the
ety. This is an open access article
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Figure 3. Change of relative beta as regards the baseline for 6-OHDA and sham rats under various stimulation algorithms. a. Beta power compared with rat-and-day–
matched baseline beta in 6-OHDA rats. DBS, regardless of modality, suppresses the relative beta power in hemiparkinsonian rats. b. DBS does not change the relative
beta level in sham rats compared with baseline, regardless of the stimulation algorithm. [Color figure can be viewed at www.neuromodulationjournal.org]
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activity were observed for the on-off and random algorithms than
for continuous stimulation (continuous, mean low, and 20% low)
and proportional stimulation. The level of beta suppression was
significantly different during continuous and proportional control
when compared with the intermittent stimulation protocols, p <
0.01 for all pairwise comparisons (Supplementary Data Table S4).
Relative power in the high beta band was reduced during

stimulation compared with no stimulation for all stimulation par-
adigms in the 6-OHDA group (linear mixed model: t[431.82] =
19.58, p < 0.001 and post hoc tests in Supplementary Data
www.neuromodulationjournal.org © 2023 The Authors. Published b
International Neuromodulation Soci
under the CC BY license (http://creati
Table S5, Supplementary Data Fig. S6a). In the sham group only,
on-off aDBS and continuous DBS reduced relative power in the
high beta band (linear mixed model: t[49.35] = 4.94, p = 0.004 and
post hoc tests in Supplementary Data Table S5, Supplementary
Data Fig. S6b).

Relative power in the alpha band (7–10 Hz) decreased under
stimulation compared with no stimulation in the 6-OHDA but not in
the sham group (6-OHDA group linear mixed model: t[432.03] =
139.66, p < 0.001 and post hoc tests in Supplementary Data
Table S6, Supplementary Data Fig. S7a, and sham group linear
y Elsevier Inc. on behalf of the
ety. This is an open access article
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Figure 4. Behavioral results from 6-OHDA and sham rats during the cylinder test and stepping test. Continuous, β-driven on-off and proportional aDBS resulted in
significant improvements in contralateral paw use in 6-OHDA rats, whereas random on-off stimulation and low-amplitude continuous stimulation did not. In the
sham rats, contralateral paw use remained at approximately 50%, regardless of the stimulation algorithm. [Color figure can be viewed at
www.neuromodulationjournal.org]
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mixed model: t[39.57] = 35.62, p = 0.225, and post hoc tests in
Supplementary Data Table S6, Supplementary Fig. S7b).
In the gamma band (60–90 Hz), relative power was increased

during all stimulation paradigms compared with no stimulation.
There also were two groups in which a more substantial increase
was observed in gamma in the continuous stimulation paradigms
(continuous, proportional, and low amplitude) than in the inter-
mittent paradigms (on-off and random) (linear mixed model: t
[430.51] = 164.79, p < 0.001 and post hoc tests in Supplementary
Data Table S7, Supplementary Data Fig. S8a). In the sham group,
the linear mixed model revealed significant differences. In post hoc
tests, these were limited to the comparison between continuous
stimulation and no stimulation (linear mixed model: t[55.14] = 6.61,
p = 0.0002, and post hoc tests in Supplementary Data Table S7,
Supplementary Data Fig. S8b).
www.neuromodulationjournal.org © 2023 The Authors. Published b
International Neuromodulation Soci
under the CC BY license (http://creati
Power Delivered During aDBS
The average power delivered for each stimulation protocol was

estimated as described in the Analysis of Local Field Potentials
section 2.4.2. The results were compared with the power delivered
during continuous stimulation at the same amplitude for on-off
stimulation, or with maximal stimulation amplitude for propor-
tional stimulation (Fig. 6). Both on-off and proportional algorithms
resulted in substantial power savings compared with continuous
stimulation, while alleviating symptoms (Behavioral Tests section).
The average power delivered during on-off stimulation was
39.38% ± 21.84% of that delivered during continuous stimulation at
the same amplitude. The average power delivered during propor-
tional control was 43.61% ± 26.45% of that delivered during
continuous stimulation at the maximum amplitude of the propor-
tional stimulation.
y Elsevier Inc. on behalf of the
ety. This is an open access article
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Figure 5. Location of the maximum peak in the beta (13–30 Hz) range of the detrended (not normalized) STN LFP power spectra in 6-OHDA and sham rats under
baseline (no stimulation) conditions. a. Averaged detrended power spectrum from all baseline recordings from 6-OHDA rats with a prominent peak at 15 Hz. The thick
line in the middle indicates the mean; the shaded region corresponds to ± 1 SD. b. Averaged detrended power spectrum from all baseline recordings from sham-
operated rats, showing no consistent peak in the beta range. c. Density of locations of the most significant peak in the baseline recordings from both 6-OHDA and
sham rats. The height of the bars corresponds to percentage of the peaks with a given value present in the whole data set. The value of most significant peak for 6-
OHDA rats falls preferentially in the low beta (14–18 Hz) range, whereas no such grouping is present in the data from sham rats. [Color figure can be viewed at
www.neuromodulationjournal.org]

CLOSED-LOOP DBS IN HEMIPARKINSONIAN RATS
Confirmation of Multielectrode Array Position and Loss of
Dopaminergic Neurons
Histology confirmed that the multielectrode array was located

within the STN in all ten rats (Fig. 7b, example in Supplementary
Figure 6. Normalized power delivered during on-off and proportional stim-
ulation. The power is normalized relative to the power delivered during
continuous stimulation. The 100% value indicates the power delivered during
continuous stimulation of the same amplitude (on-off stimulation) or equal to
the maximum stimulation amplitude (for proportional stimulation). [Color figure
can be viewed at www.neuromodulationjournal.org]
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Data Fig. S4). TH levels were significantly reduced by 55% ± 19%
in the substantia nigra pars compacta and 67% ± 33% in the
striatum in the left hemisphere in 6-OHDA treated rats, and were
similar between both hemispheres in the sham group (−7% ± 11%
and −9% ± 8%, respectively; one-tailed t-test: t[8] = 3.97, p = 0.002
and t[8] = 2.88, p = 0.01, respectively), shown in Figure 7a,
examples in Supplementary Data Figure S3.

DISCUSSION

In this study, closed-loop aDBS was implemented in freely
moving parkinsonian rats using a wireless recording and stimula-
tion system. Motor behavior was compared during conventional
open-loop DBS and aDBS targeted at suppressing STN LFP beta
band power. Closed-loop DBS using either on-off or proportional
amplitude modulation was found to be as effective in suppressing
PD-like motor symptoms in rats as conventional DBS (Fig. 4) with
substantially reduced power.

STN LFP Beta Activity
A consistent low-amplitude peak in the low beta frequency

range (14–18 Hz) of the STN LFP power spectrum was observed in
all 6-OHDA rats (Fig. 5, Supplementary Data Fig. S2). Although the
prominence and location of the peak were affected by day-to-day
variability, the beta activity remained effective as a biomarker for
aDBS. Beta band power was successfully suppressed by DBS (Fig. 3);
however, only those closed-loop aDBS algorithms driven by the
beta activity resulted in an improvement in motor behavior (Fig. 4).

Prominent and consistent peaks in the high and low beta fre-
quency band have been reported in the basal ganglia in 6-OHDA
rats across a range of experimental conditions.18,19,37 Avila et al18

and Brazhnik et al19 reported a peak in the high beta range
y Elsevier Inc. on behalf of the
ety. This is an open access article
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Figure 7. a. Percentage loss of TH in left substantia nigra pars (SNc) compacta and striatum in 6-OHDA and sham rats. b. Location of multielectrode array within the
STN. [Color figure can be viewed at www.neuromodulationjournal.org]
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(30–35 Hz) in the substantia nigra pars compacta during a walking
task but absent during REM sleep and under urethane anesthesia in
the presence of a sensory stimulus. Mallet et al37 showed a peak in
the lower beta range (20 Hz) in the STN of anaesthetized rats. The
6-OHDA model in their study was more severely expressed than in
this study, with at least 25 rotations per minute in the rotation test.
In other studies in which the model expression was milder, similarly
to the present study, less prominent peaks have also been
observed.38,39 The STN LFP in 6-OHDA rats in one study40 shows
higher variability in beta activity, with less prominent peaks. Sharott
et al41 reported a low-amplitude peak in the 25-to-30–Hz range in
80% of 6-OHDA rats at rest, whereas Mottaghi et al42 reported a
low-amplitude peak in the low beta range (13–21 Hz) during
rearing and both low and high beta (21–30 Hz) frequency peaks
during movement in the open field chamber or treadmill but not
during stepping. Our results, showing a low-amplitude peak in the
low beta (14–18 Hz) range while the rat was freely moving, are thus
consistent with previously established observations.
Comparison across studies is further complicated by observa-

tions that the amplitude and frequency of pathological oscillations
vary with behavioral task performed by the rat.18,19,42,43 Avila et al18

observed an increase in high beta activity during movement,
whereas low beta was decreased during the walking task. In a study
by Mottaghi et al,42 similarly, only high beta, not low beta, further
increased with increasing movement speed on the rotarod. In
patient studies, suppression of STN beta power before movement
onset is consistently observed, including during hand move-
ments,44 finger tapping,45 walking, and cycling46 and in go/no-go
tasks.47 In our study, behavioral tests comprising both movement
and rest phases have been combined and assessed together.
The well-established suppression of beta power with movement

has led to concerns that beta activity may not be a suitable control
variable for aDBS during movement. However, this study indicates
that the relative power in the beta band is a suitably robust
biomarker even during movement tasks in the rodent model.
Further analysis of the relative power across different spectral

bands revealed a simultaneous reduction in relative alpha, low, and
high beta power, and an increase in relative gamma power with
DBS (Supplementary Data Figs. S6–8). Similar changes have been
www.neuromodulationjournal.org © 2023 The Authors. Published b
International Neuromodulation Soci
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observed in patients with PD in the contralateral STN.48 Suppres-
sion of power in the alpha and beta band has also been reported in
a different study in patients and hemiparkinsonian rats under
effective stimulation paradigms.49

Behavioral Improvement
Both closed-loop aDBS and conventional DBS improved parkin-

sonian motor symptoms in the 6-OHDA rats to a comparable
degree. In contrast, none of the three control stimulation protocols
resulted in improvements in the behavioral tests. To our knowl-
edge, this is the first report of wireless closed-loop STN DBS in rats.
McNamara et al50 recently successfully implemented a phase-based
control algorithm in tethered rats in which amplification and sup-
pression of beta activity were achieved by stimulating in the
descending or ascending phase of beta, respectively. This also
translated into animal movement speed that decreaased during
beta-amplifying stimulation.

The efficacy of open-loop STN DBS in reversing Parkinson-like
motor symptoms in the rat has been reported for a range of
behavioral outcomes.24–28 In our study, contralateral paw use in
parkinsonian rats decreased to 20% in CT and 25% in STs. This
reduction was ameliorated by conventional, closed-loop on-off and
proportional aDBS, restoring contralateral paw use to approxi-
mately 45% (Fig. 4). Neither randomly timed on-off nor low-
amplitude continuous stimulation was as successful at restoring
stepping behavior (Fig. 4). In line with our own findings, unilateral
DBS has been shown to improve contralateral front paw use in the
CT to healthy or near-healthy levels.25–27 Bilateral open-loop DBS
has a similar effect, restoring front limb mobility in the CT in
bilaterally lesioned animals.24 During the ST, Yu et al28 reported a
normalization of mildly impaired contralateral forepaw use with
130-Hz but not 20-Hz DBS.

The distance traveled in the OFT was lower in 6-OHDA rats than
in sham rats, but no significant change in the OFT was observed for
any of the stimulation algorithms examined. In previous studies, an
alleviation of bradykinesia has been reported in some cases,24,51

whereas others have not observed increased mobility during
DBS16,52 or have observed a reduction in distance traveled for
certain stimulation conditions only16 (bipolar electrodes only at
y Elsevier Inc. on behalf of the
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CLOSED-LOOP DBS IN HEMIPARKINSONIAN RATS
three days and three weeks). Performance in the OFT has a high
variability, is subject to habituation, and is affected by many
environmental parameters53 and therefore may not be a suitable
outcome measure for behavioral improvement under DBS.
Nonmotor symptoms and stimulation-induced side effects were

not assessed in this study, but no dyskinesias or severe side effects,
such as epileptic seizures, were noted during stimulation.
11
Suppression of Relative Beta Power During aDBS
Relative power in the STN LFP beta band was suppressed for all

stimulation protocols considered (Fig. 3). The level of suppression
was lower during intermittent stimulation protocols (on-off,
random on-off) than during continuous and proportional stimula-
tion, even when the amplitude of continuous stimulation was
insufficient to yield improvements in motor function. The degree of
behavioral improvement under stimulation was decoupled from
the level of beta suppression. Polar et al26 similarly showed a
reduction in pathological cortical beta power with STN DBS in 6-
OHDA rats, independent of the therapeutic efficacy of DBS
parameters used. These results suggest that suppression of beta
power alone may not be sufficient to restore function, but that
behavioral improvements may be related to alterations in the
dynamic behavior of pathological beta activity and that the timing
of the applied stimulation plays an important role in determining
therapeutic efficacy. It is possible that motor impairment is corre-
lated with longer duration beta bursts, as reported in humans by
Tinkhauser et al,5 and that these pathological beta bursts were
targeted in closed-loop on-off and proportional aDBS. The time
window over which the biomarker was estimated (100 millisec-
onds) causes the system to respond preferentially to longer beta
bursts, leaving shorter physiological bursts intact.
The observation that intermittent stimulation yielded lower

levels of beta suppression than did continuous or proportional
stimulation is mirrored in the 1/fn component of the power spec-
trum (Supplementary Data Fig. S1), in which an overall increase in
the background activity was observed during stimulation, regard-
less of the algorithm. The origin of 1/fn activity within the LFP is not
clear, with a range of possible sources suggested, including elec-
trical properties of brain tissue,54 low-pass filtering of the den-
drites,55 or noise within the data acquisition system.56 Regardless of
the source, it is possible that the increase in broadband power
could mask the beta suppressing effect of DBS or alter the level of
suppression of relative beta power observed. Although 1/fn activity
was removed during postprocessing to compare the suppression of
relative beta power across stimulation protocols, it was not
removed from the biomarker used for closed-loop control in real
time. Changes in background activity within the beta band may
thus have contributed to the biomarker during real-time imple-
mentation of the closed-loop control protocols. Although this could
potentially alter the relationship between pathological beta activity
and stimulation, effective control of motor symptoms was only
observed during conventional open-loop DBS and during on-off
and proportional stimulation that were driven by the change in
biomarker, confirming the effectiveness of the closed-loop
protocols.
The aDBS algorithms explored in this study were limited to on-off

and proportional modulation with the target to achieve almost
complete suppression of beta activity. Complete suppression of
beta activity might not be needed for symptom improvement, and
thus, suppression to a specific target might further refine aDBS and
www.neuromodulationjournal.org © 2023 The Authors. Published b
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further reduce stimulation intensity in addition to power con-
sumption. This is supported by studies in humans using an on-off
and dual threshold approach that provided therapeutic efficiency
while maintaining beta power below a fixed limit or within a pre-
defined range.7
Power Delivered
Significant improvement in motor symptoms was achieved with

aDBS while delivering 39.38% ± 21.84% of the power used during
conventional open-loop DBS with on-off stimulation and 43.61% ±
26.45% with proportional stimulation (Fig. 6). This agrees with
human studies using on-off DBS, in which overall reduction in
stimulation time by approximately 55% was reported.8,57 During
proportional stimulation, a bimodal distribution of the estimated
power, normalized as regards the power delivered during contin-
uous stimulation, was observed. The bimodal distribution reflects
two different groups, one in which the maximum stimulation
amplitude, corresponding to 80% of the motor threshold, ranged
from 90 to 100 μA and one in which it ranged from 30 to 45 μA. In
the latter group, with a relatively narrow therapeutic window, the
reduction in power relative to continuous stimulation was thus
considerably lower. When the power consumption is compared for
each rat, a significant reduction in estimated power delivered is
observed; the values presented in Figure 6 are thus conservative
estimates of the potential power saving of aDBS. The power
delivered has been estimated on the basis of the stimulation
waveform parameters and electrode impedance. It should be noted
that these do not correspond to the power consumption of the
closed-loop stimulation device because this will depend on addi-
tional factors such as the power required by the sensing and
stimulation device to estimate the biomarker and adjust the stim-
ulation parameters in real time.58 However, the large reduction in
power delivered offers considerable possibilities for extending the
battery life of the implantable devices and adding more features
such as higher signal processing capability or external connectivity.
6-OHDA Model of aDBS
The results support the use of aDBS in freely behaving 6-OHDA

rats as a suitable model for preclinical testing of closed-loop DBS
algorithms. Although both the on-off8 and proportional6,59 ampli-
tude modulation protocols have been experimentally trialed in
patients, these represent relatively simple closed-loop algorithms.
Alternative algorithms offer the potential for more advanced
function including adaptive control and simultaneous control of
multiple biomarkers. Proportional, integral, and derivative control,9

model-based control,10 and dual-loop adaptive approaches11,60

show promising results in restoring the brain activity to a non-
parkinsonian state in computational models. As the complexity of
the stimulation protocols increases, there is a need for suitable
models for preclinical testing before trialing in patients.

The model presented here offers the advantage of enabling
direct comparison of different aDBS algorithms in addition to
quantification of their efficacy under a range of behavioral condi-
tions. In this way, the relative strengths and shortcomings of
various aDBS approaches can be explored and examined before
testing in patients.

The wireless platform used here can be easily adapted for testing
more advanced control schemes and would further benefit from
miniaturization of the device and extended capacity of the battery
to allow long-term recording in freely moving animals.
y Elsevier Inc. on behalf of the
ety. This is an open access article
vecommons.org/licenses/by/4.0/).

Neuromodulation 2023; -: 1–13

http://creativecommons.org/licenses/by/4.0/


EVERS ET AL

12
CONCLUSIONS

In this study, we have shown that on-off and proportional aDBS
based on STN beta activity restores motor function in hemi-
parkinsonian rats during standard behavioral tests. Protocols that
delivered equivalent levels of intermittent stimulation at time
points unrelated to current beta activity or that delivered contin-
uous stimulation at the mean proportional control amplitude were
not effective in restoring function. Suppression of beta activity was
observed during all stimulation protocols, including those that did
not yield improvements in function. The results support using aDBS
in freely behaving 6-OHDA rats as a suitable model for preclinical
testing of closed-loop DBS algorithms.
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