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ABSTRACT

Objectives: The oscillation model of Parkinson disease (PD) states that, in the subthalamic nucleus
(STN), increased � (4–10 Hz) and � (11–30 Hz) frequencies were associated with worsening
whereas � frequencies (31–100 Hz) were associated with improvement of motor symptoms.
However, the peak STN frequency in each band varied widely from subject to subject. We hypoth-
esized that STN deep brain stimulation (DBS) at individualized � frequencies would improve
whereas � or � frequencies would worsen PD motor signs.

Methods: We prospectively studied 13 patients with PD. STN local field potential (LFP) was re-
corded after electrode implantations, in the OFF and then in ON dopaminergic medication states
while patients performed wrist movements. Six individual peak frequencies of the STN LFP power
spectra were obtained: the greatest decrease in � and � and greatest increase in � frequencies in
the ON state (MED) and during movements (MOVE). Eight DBS frequencies were applied including
6 MED and MOVE frequencies, high frequency (HF) used for chronic stimulation, and no stim-
ulation. The patients were assessed using the motor Unified Parkinson’s Disease Rating Scale
(mUPDRS).

Results: STN DBS at � frequencies (MED and MOVE) and HF significantly improved mUPDRS
scores compared to no stimulation and both � frequencies were not different from HF. DBS at �

and � frequencies did not worsen mUPDRS scores compared to no stimulation.

Conclusion: Short-term administration of STN DBS at peak dopamine-dependent or movement-
related � frequencies were as effective as HF for reducing parkinsonian motor signs but DBS at �

and � frequencies did not worsen PD motor signs.

Classification of evidence: This study provides Class III evidence that STN DBS at patient-specific
� frequencies and at usual high frequencies both improved mUPDRS scores compared to no
stimulation and did not differ in effect. Neurology® 2012;78:1930–1938

GLOSSARY
BG � basal ganglia; DBS � deep brain stimulation; HF � high frequency; LFP � local field potential; MED � medication-
dependent peak frequencies; MOVE � movement-related peak frequencies; mUPDRS � motor Unified Parkinson’s Disease
Rating Scale; PD � Parkinson disease; rmANOVA � repeated-measures analysis of variance; STN � subthalamic nucleus;
TEED � total electrical energy delivered; VT � ventral thalamus.

Bilateral high frequency (HF 130–185 Hz) deep brain stimulation (DBS) of the subthalamic
nucleus (STN) is an established treatment for advanced Parkinson disease (PD).1 Studies of
oscillatory activities in the basal ganglia (BG) in patients with PD suggested that parkinsonian
motor symptoms may be related to excessive pathologic oscillations in the BG in the low
frequencies (�30 Hz).2,3 Increased � (4–10 Hz) frequencies in STN were associated with
parkinsonian resting tremor.4 Moreover, excessive � (11–30 Hz) frequencies were recorded
from the STN when patients with PD were withdrawn from their dopaminergic medications
(OFF state)5–7 and these frequencies were reduced when patients were in the on dopaminergic

From the Division of Brain Imaging & Behaviour Systems–Neuroscience (E.W.T., F.M., U.S., B.N., R. Chen), Toronto Western Research Institute,
University Health Network; Institute of Medical Science (E.W.T., A.M.L., M.H., R. Chen), University of Toronto; Edmond J. Safra Program in
Parkinson’s Disease (E.W.T., C.H., E.M., F.M., U.S., A.M.L., M.H., R. Chuang, T.S., S.Y.L., B.N., R. Chen), Division of Neurosurgery,
Department of Surgery (C.H., A.M.L., M.H.), and Division of Neurology, Department of Medicine (E.M., R. Chuang, T.S., S.Y.L., B.N., R. Chen),
University Health Network, University of Toronto, Toronto, Canada; and University of Malaysia (S.Y.L.), Kuala Lumpur, Malaysia.

Study funding: Funding information is provided at the end of the article.

Go to Neurology.org for full disclosures. Disclosures deemed relevant by the authors, if any, are provided at the end of this article.

Editorial, page 1900

Supplemental data at
www.neurology.org

Supplemental Data

Correspondence & reprint
requests to Dr. Chen:
robert.chen@uhn.ca

1930 Copyright © 2012 by AAN Enterprises, Inc.



medication states (ON state), engaged in vol-
untary movements,5,7,8 or received HF STN
DBS.9,10

In contrast to � frequencies, � (31–100
Hz) frequencies in STN were related to nor-
mal motor functions. Increased � frequencies
between 60 and 80 Hz in STN were often
observed along with improved motor perfor-
mances when patients were in their ON state

or were engaged in voluntary movements.3,6–8

Moreover, STN � activities may be related to
state of arousal as they disappeared when pa-
tients became drowsy.7 Taken together, these
observations led to the hypothesis that in-
creased STN � frequencies may represent im-
proved functional state of the BG and its
interaction with the cortex in patients with
PD. Therefore, � frequencies may facilitate

Table 1 Clinical details of patients studieda

Patient

Age, y/
sex/disease
duration, y

Medication postop,
mg/d

Predominant symptoms
preoperatively Clinical DBS settings

Preopb

MED,
OFF/ON

Postop,b (moc)

MED

OFF ON
DBS

OFF/ON OFF/ON

1 67/M/24 Levodopa 800, pergolide
1, selegiline 10

Bilateral dyskinesia, right side
rigidity, and bradykinesia

L STN 3.6 V, 130 Hz, 60 �s,
2�, 1�; R STN 3.4 V,
130 Hz, 60 �s, 2�, case�

31.5/13 29.5/18.5 16.5/13.5 (5)

2 57/M/13 Levodopa 600 Motor fluctuations, off
dystonia, left side tremor

L STN 3 V, 130 Hz, 60 �s,
2�, case�; R STN 3 V,
130 Hz, 60 �s, 3�, case�

33/6 47/24.5 14.5/7.5 (4)

3 67/F/18 Levodopa 400,
ropinirole 8

Freezing of gait, disabling
dyskinesia

L STN 2.6 V, 130 Hz, 60 �s,
2�, case�; R STN 2 V,
130 Hz, 60 �s, 2�, case�

51.5/22 30/23 (5) 28.5/18 (22)

4 66/M/8 Levodopa 100,
rotigotine 13.5

Tremor: more severe on the
right side

L STN 3 V, 130 Hz, 60 �s,
2�, case�; R STN 2.7 V,
130 Hz, 60 �s, 2�, case�

33/14 29.5/17 14/10 (2.5)

5 65/F/18 Levodopa 100,
amantadine 300,
ropinirole 3

Right laterocollis and
retrocollis, head shaking

L STN 1.7 V, 130 Hz, 60 �s,
1�, case�; R STN 3.5 V,
130 Hz, 60 �s, 2�, case�

40/13 39/21 19.5/14 (5)

6 54/M/15 Levodopa 300,
ropinirole 6, selegiline
2.5

Bilateral tremor, motor
fluctuations, dyskinesia

L STN 3.8 V, 185 Hz, 60 �s,
2�, case�; R STN 4.2 V,
185 Hz, 60 �s, 2�, case�

39/4.5 35/7.5 8/8 (10)

7 63/M/11 Levodopa 450 Right side tremor, wearing off L STN 3 V, 130 Hz, 60 �s,
1�, case�; R STN 2.2 V,
130 Hz, 60 �s, 2�, case�

42/17 44/18.5 17.5/14 (6)

8d 58/M/15 Levodopa 1,200 Disabling dyskinesia, muscle
cramps, off period gait
impairment

L STN 3.6 V, 130 Hz, 60 �s,
2�, case�; R STN 3.4 V,
130 Hz, 60 �s, 2�, case�

32.5/24 37/35 23/22 (7)

9 56/M/17 Levodopa 600, levodopa
CR 600, ropinirole 6,
amantadine 100

Wearing off dyskinesia, off
period dystonia and freezing,
bradykinesia

L STN 2.1 V, 130 Hz, 60 �s,
2�, case�; R STN 2.7 V,
130 Hz, 60 �s, 3�, case�

48/20.5 42/18.5 14.5/9.5 (2)

10 59/M/21 Levodopa 2,100,
levodopa CR 1,800

Motor fluctuations, gait
disturbance, off dystonia in
neck, back, and right foot

L STN 2.4 V, 185 Hz, 60 �s,
1�, case�; R STN 3.4 V,
185 Hz, 60 �s, 2�, case�

67.5/31.5 43.5/35 31.5/25.5 (12)

11 61/M/15 Levodopa 500,
amantadine 200,
pramipexole 0.75

Dystonia in the feet, severe
akinesia, freezing

L STN 3.6 V, 130 Hz, 60 �s,
1�, case�; R STN 3.6 V,
130 Hz, 60 �s, 2�, case�

28.5/10 39.5/29 (16) 19/16.5 (35)

12d 62/M/10 Levodopa 800 Motor fluctuations, wearing off,
freezing, off period gait
impairment, dyskinesia

L STN 2.5 V, 130 Hz, 60 �s,
1�, case�; R STN 2.8 V,
130 Hz, 60 �s, 3�, case�

27.5/4.5 26/8.5 11/6.5 (7)

13 44/M/16 Levodopa 600,
amantadine 300

Disabling motor fluctuations
and severe dyskinesia

L STN 3.6 V, 130 Hz, 60 �s,
2�, case�; R STN 3.3 V,
130 Hz, 60 �s, 3�, case�

52.5/18.5 48.5/32 21/16.5 (7)

Abbreviations: CR � controlled release; DBS � deep brain stimulation; MED � medication-dependent peak frequencies; mUPDRS � motor section of the
Unified Parkinson’s Disease Rating Scale; STN � subthalamic nucleus.
a Patients’ ages were recorded when they received DBS surgeries. Medications and clinical DBS settings were collected when patients were administered
levodopa challenge and postoperative mUPDRS. Levodopa was administered with a peripheral dopa-decarboxylase inhibitor.
b Preop/Postop � mUPDRS before/after DBS surgeries.
c Number of months after DBS surgeries when levodopa challenge and postoperative mUPDRS was administrated.
d Patients excluded from data analysis in experiment 2 due to incomplete data in experiment 1.
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motor performance during voluntary move-
ments.3,7,8,11 However, the peak �, �, or � frequen-
cies were highly variable from patient to patient.3,12

Several studies reported that levodopa-
induced reduction in � band power in the
STN was associated with improvements in
bradykinesia and rigidity but not tremor in
patients with PD.13–15 STN DBS at 20 Hz
was found to modestly decrease tapping
speeds16,17 but had no effect on motor symp-
toms18 whereas at 50 Hz was reported to re-
duce rigidity and improve tapping speed in a
study with 3 subjects19 but other studies
showed no benefit.17,18,20,21 No previous study
examined the effects of DBS at individualized
STN peak frequencies, which may be highly
relevant to behavioral performances.10,14 In
the present study, we examined the effects of
DBS at individualized peak STN frequencies
on parkinsonian motor signs. We hypothe-
sized that STN DBS at individualized � fre-
quencies would improve whereas at � and �

frequencies would worsen PD motor signs
compared to no stimulation.

METHODS Patients and surgery. We studied 13 patients

with advanced PD (11 men, mean � SD age 60 � 6 years,

disease duration 15 � 4 years) who received implantations of

bilateral STN DBS electrodes (table 1).

Standard protocol approvals and patient consent. All

patients provided written informed consent and the study was

approved by the University Health Network Research Ethics

Board.

Experiment 1: recording of STN LFP and individual-
ized frequencies. Recordings and study protocol. STN local

field potentials (LFP) recording was performed 1–3 days after

electrode implantations when the leads were externalized. Pa-

tients were first studied in the practically defined OFF state after

overnight withdrawal of dopaminergic medications22 and the

study was repeated in the ON state. The ON dopaminergic

medication state was defined as at least 30 minutes after intake of

the first morning dose of dopaminergic medications and after

both the patient and experimenters noted clinical improvements.

Bilateral STN LFPs were recorded from all 4 DBS contacts using

linked-ear references. EMG was recorded from the extensor and

flexor carpi radialis muscles to monitor wrist movements.

While sitting in a comfortable armchair, baseline STN LFP

recordings were obtained for �3 minutes. The patient then per-

formed 2 movement tasks with their clinically more affected side

(table 2). In the externally triggered task, the patient made a

brisk wrist extension movement in response to a randomized

visual cue appearing every 6 to 10 seconds. In the self-initiated

task, the patient made self-initiated brisk wrist extension move-

ments approximately once every 10 seconds. Each movement

task lasted �10–15 minutes.

Data analysis for experiment 1. DBS recordings were
transformed into bipolar montage with the adjacent contacts
(0–1, 1–2, 2–3) to obtain focal activities. The contact pair used
to obtain individualized frequencies in the �, �, and � bands was
chosen to have one contact the same as the monopolar contact
used for chronic DBS (table 1) for the clinically more affected
side (table 2) based on subsequent programming. The adjacent
contact was chosen based on the biggest changes between
MED or MOVE conditions. We compared the resting power
spectra between OFF and ON states to obtain dopaminergic
medication-dependent peak frequencies (MED) (figure 1A) and
between premovement and movement periods for movement-
related peak frequencies (MOVE) (figure 1B). Six individualized
peak frequencies in � (4–10 Hz), � (11–30 Hz), and � (31–100
Hz) bands were obtained for each patient using the contacts for
chronic STN DBS contralateral to the clinically more affected side
(table 1). Individualized � and � frequencies are defined as greatest
reductions in � and � bands in ON compared to OFF states
(MED) and during movement compared to premovement pe-
riods (MOVE). Individualized � frequencies are defined as
greatest increases in � band in ON compared to OFF states
(MED) and during movement compared to premovement pe-
riods (MOVE). Movement-related (MOVE) frequencies were ob-
tained from either the externally triggered or self-initiated movements in
the OFF or ON states. The condition with the greatest movement-

related power change was used for each patient.

Experiment 2: testing individualized frequencies on
PD motor signs. Patients who participated in experiment 1
were studied at least 3 months after surgeries to avoid microle-
sion effects (table 2) and allow for establishment of optimal stim-
ulation parameters for clinical benefits (table 1).20,21

Each patient was tested on 2 separate days in random order:
1 day after overnight medication withdrawal and the other day
while taking usual doses of medications. The testing for each day
took 4 to 5 hours. Only the clinically more affected side was
studied. On each day, 8 DBS frequencies were studied including
6 individualized �, �, and � frequencies in MED and MOVE
conditions, stimulator turned off, and HF used for chronic DBS
at the time of the experiment (table 2). The 6 individualized
frequencies obtained from each patient were rounded to the clos-
est programmable frequencies for the implanted pulse generator
(table 2). The most effective monopolar (patients 2–13) and bi-
polar contacts (patient 1) for chronic DBS established during
stimulator programming (table 1) and pulse width of 60 �s was
used. Because resetting the oscillation of a population of neurons
is most effective with a strong pulse,23 the voltages used for all
individualized frequencies were adjusted to the highest ampli-
tudes without any side effects whereas the voltages for the HF
were those used for chronic DBS. The order of DBS frequencies
tested was randomized for each day of the study. Each DBS
frequency was applied for 15 minutes18,20 with the other side
turned off, followed by assessment of the more affected side us-
ing motor Unified Parkinson’s Disease Rating Scale (mUPDRS)
(items 18–31) by a live rater, blinded to DBS frequencies but
not to medication states. The patient then performed the hand-
tapping test. Once the hand-tapping test was completed, the
DBS was switched to another frequency. All mUPDRS assess-
ments were videotaped and the video segments were arranged in
random sequences for 2 video raters, blinded to both frequencies
and medication states. The video raters independently assessed
the motor signs using mUPDRS although rigidity (item 22) was
not rated. See appendix e-1 on the Neurology® Web site at
www.neurology.org for further details of the Methods.
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Statistical analyses. A hemibody and axial score, representing
parkinsonian motor sign of the more affected side and the trunk,
was calculated for each DBS frequency by summing all subscores
of mUPDRS recorded by the live and video raters. A tapping rate

per 20 seconds was calculated for each DBS frequency by averag-
ing the number of taps between the 2 runs.

For each DBS frequency, we estimated total electrical energy
delivered (TEED) using the following formula: TEED � volt-
age2

� pulse width � frequency/impedance.24 All statistics analy-
ses were performed using SPSS v 16 (Chicago, IL). See appendix
e-1 for further details on data analysis.

RESULTS Patients 8 and 12 had no change in
dopamine-dependent � (MED) frequencies and were
excluded from statistical analyses. Data from 11 pa-
tients were analyzed. Paired t tests showed no signifi-
cant difference between the individualized and the
rounded programmable frequencies in all frequencies
and the voltages used between OFF and ON states
(table 2). See appendix e-1 for the results regarding
variations of individualized frequencies.

Effects of DBS frequencies on PD motor signs. For the
live rater, repeated-measures analysis of variance
(rmANOVA) found main effects of medication
states (F1 � 11.6, p � 0.007) and DBS frequencies
(F7 � 5.6, p � 0.0001) on hemibody and axial
scores (figure 2A). There was also significant interac-
tion between medication states and frequencies
(F1,7 � 2.4, p � 0.03). Hemibody and axial scores
were lower in the ON (mean � 15.7) than OFF
(mean � 20.2) states. For DBS frequencies, post hoc
paired t tests showed that hemibody and axial scores
for individualized � MED (mean � 14.9) and
MOVE (mean � 14.5) frequencies and HF
(mean � 13.8) were significantly lower than no stim-
ulation (mean � 20.1). When the OFF and ON
states were analyzed separately, post hoc paired t tests
indicated that DBS at individualized � MED (OFF:
17.5, ON: 12.4) and MOVE (OFF: 16.4, ON: 12.7)
frequencies and HF (OFF: 13.7, ON: 13.9) had sig-
nificantly lower hemibody and axial scores than no
stimulation (OFF: 23.1, ON: 17.1) (figure 2A).

For the video raters, rmANOVA for hemibody
and axial scores without rigidity showed significant
main effects of medication states (F1 � 5.3, p �

0.04) and DBS frequencies (F7 � 3.1, p � 0.006)
but the effect of rater was not significant (figure 2B).
Hemibody and axial scores were lower in the ON
(mean � 19.2) than OFF (mean � 20.8) states. For
DBS frequencies, post hoc paired t tests found that
hemibody and axial scores for individualized � MED
(mean � 18.7) and MOVE (mean � 18.4) frequen-
cies and HF (mean � 17.9) were lower than no stim-
ulation (mean � 21.3) (figure 2B). There was no
significant interaction between medication states and
DBS frequencies.

Effects of DBS frequencies on tapping speed. For the
number of taps per 20 seconds, rmANOVA found
main effects in medication states (F1 � 10.8, p �

Figure 1 Examples of dopamine-dependent and movement-related power
spectra of the subthalamic nucleus (STN)

Data were recorded from right STN of patient 5. Power spectra were derived from deep
brain stimulation (DBS) electrode contact pair 2–3. (A) Resting frequency spectra between
1 and 100 Hz in the OFF and ON dopaminergic medication states. Individualized dopamine-
dependent frequencies for this patient were 10 Hz for the � band which showed the great-
est reduction in spectral power between 4 and 10 Hz in the ON compared to OFF states,
26.5 Hz for the � band which was the frequency with greatest reduction between 11 and
30 Hz in the ON compared to OFF states, and 48 Hz for the � band which showed the
greatest increase between 31 and 100 Hz in the ON compared to OFF states. (B)
Movement-related spectra between 1 and 100 Hz in the premovement (�4 to �3.5 s) and
the movement execution (0 to 0.5 s) periods from an average of 79 trials of self-initiated
wrist movements in the ON dopaminergic medication state. Individualized movement-
related frequencies for this patient were 9 Hz for the � band which showed the greatest
reduction between 4 and 10 Hz in the movement compared to premovement periods, 30 Hz
for the � band which showed the greatest reduction between 11 and 30 Hz in the move-
ment compared to premovement periods, and 80 Hz for the � band which showed the great-
est increase between 31 and 100 Hz in the movement compared to premovement periods.
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0.008) and DBS frequencies (F7 � 2.27, p � 0.039)
(figure 3). There was no significant interaction between
medication states and DBS frequencies. The number of
taps per 20 seconds was higher in the ON (mean �
17.4) than OFF (mean � 16.1) states. For DBS fre-
quencies, post hoc paired t tests indicated that DBS at
HF (mean � 18) had a higher number of taps per 20
seconds than those of DBS at dopamine-dependent and
movement-related � (MED: 16.6, MOVE: 16) and �

frequencies (MED: 16.2, MOVE: 16.3) (figure 3).
There was no significant difference in the number of
taps per 20 seconds among other DBS frequencies.

DBS frequencies and electrical energy delivered.
rmANOVA showed a main effect in DBS frequen-
cies (F7 � 19.4, p � 0.0001) but not medication

states. Post hoc paired t tests indicated that TEED
for HF and individualized � frequencies were higher
than those for individualized � (MED and MOVE)
frequencies (p � 0.0003). Moreover, individualized
� frequencies had higher TEED than those of �

(MED and MOVE) frequencies (p � 0.002). There
was no significant difference in TEED between indi-
vidualized � frequencies and HF (figure e-1).

DISCUSSION In the present study, we recorded
LFP from STN DBS electrodes from patients with
PD and examined the effects of STN DBS at individ-
ualized dopamine-dependent and movement-related
peak frequencies on parkinsonian motor signs. The
results from the blinded live and the video raters
showed that STN DBS at individualized dopamine-
dependent and movement-related � frequencies im-
proved motor signs similar to HF. Although there
was no significant difference in TEED for individu-
alized �, � frequencies and HF (figure e-1), their
clinical effects were different. Individualized � fre-
quencies and HF reduced mUPDRS scores com-
pared to no stimulation but individualized �

frequencies had no effect (figure 2). Therefore, im-
provement in mUPDRS scores may be more depen-
dent on DBS frequencies than TEED.

The increased � oscillations in the BG as patients
with PD transitioned from OFF to ON dopami-
nergic medication states were considered proki-
netic because this was associated with concurrent
improvements in parkinsonian motor symptoms.6,7

These dopamine-dependent � rhythms may also be
an indicator of the arousal state as they disappeared
in the BG during drowsiness7 and ceased to be observed
in the ventral thalamus (VT) during deep sleep.25 In the
ON state, these dopamine-dependent � rhythms oc-
curred throughout the BG-thalamo-cortical network as
coherences were reported to be observed between the
STN, GPi, VT, and the cortex.7,25,26 These � rhythms
were suggested to be involved in attentional pro-
cesses in the BG-thalamo-cortical circuit and
cortico-cortical interactions to facilitate cognition
and motor-related functions.7,25,27 We demon-
strated for the first time the acute clinical benefits
of these intrinsic � frequencies of the BG through
STN DBS, which decreased parkinsonian motor
signs similar to that produced by well-established
HF DBS. Therefore, increased � frequency in the
STN induced by dopaminergic medications is
likely a prokinetic rhythm in the human BG.

The increased � oscillations in the cortico-BG cir-
cuit that occurred shortly prior to and during volun-
tary movements in patients with PD were thought to
represent the coding and the transmission of motor
information between the cortico-BG network and

Figure 2 The effects of deep brain stimulation (DBS) frequencies and
medication states on hemibody and axial motor Unified
Parkinson’s Disease Rating Scale (mUPDRS) scores

(A) Hemibody and axial mUPDRS scores for 8 DBS frequencies in the OFF and ON dopami-
nergic medication states rated by the live rater. (B) Averaged hemibody and axial mUPDRS
scores without rigidity for 8 DBS frequencies in the OFF and ON dopaminergic medication
states rated by the video raters. The black bars represent mUPDRS scores obtained in the
OFF dopaminergic medication state while the green bars represent the ON dopaminergic
medication states. HF � high frequencies used for chronic STN DBS; MED � individualized
dopamine-dependent frequencies; MOVE � individualized movement-related frequencies;
STIM OFF � subthalamic nucleus DBS turned off. * p � 0.05. Error bar indicates 1 SEM.
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the muscles during movement executions.3,28 These
� frequencies were considered to represent normal
movement-related activities because similar activities
were recorded the GPi in dystonia patients29 and in
the motor cortical regions of normal subjects or in
patients with epilepsy during voluntary move-
ments.30,31 However, the precise functions of these
movement-related � oscillations in the cortico-BG
circuit remains unclear. Our results indicated that
peak � frequencies in the STN during voluntary
movements were effective in decreasing parkinsonian
motor signs, consistent with the hypothesis that these
� oscillations may reflect outputs of the BG-thalamo-
cortical network representing coding of voluntary
movements and promotion of these � oscillations may
thus facilitate movement executions.

Dopamine-dependent � oscillations in the BG
have been suggested to be a carrier rhythm mediating
information transfer between the BG and the motor
cortical areas during voluntary movements. HF stim-
ulation, empirically effective frequencies for chronic
STN DBS, was hypothesized to be the second har-
monics of intrinsic BG dopamine-dependent or
movement-related � rhythms and therefore effective
in reducing PD motor signs.7 Our results indicated
that although similar peak frequencies in the � range
were found in 3 patients (patients 1, 2, 6) (table 2),
most patients displayed distinct � peak frequencies in
dopamine-dependent and movement-related condi-
tions. Moreover, HF for chronic STN DBS (table 2)
was not the second harmonics of the specific

dopamine-dependent or movement-related � peak
frequencies we found in the STN. Another hypothe-
sis regarding the therapeutic effects of HF STN DBS
involved the disruption of abnormal rhythms in the
BG network, in particular the � frequencies.2,9,10

Whether DBS at peak � frequencies also suppress
excessive � oscillations in the BG needs to be exam-
ined. These results suggest that the BG-cortical cir-
cuit may have 2 prokinetic � rhythms with peak
frequencies that are variable across patients and they
may be effective in reducing parkinsonian motor
symptoms.

Previous studies using STN DBS in the � range at
�50 Hz did not produce consistent clinical benefit
and at least 100 Hz is required to produce consistent
reductions in parkinsonian motor signs.18,20,21 These
are in contrast to our findings that dopamine-
dependent or movement-related peak � frequencies
in the STN between 30 and 90 Hz were as effective
as HF in reducing PD motor signs (figure 2, figure
e-2). The reason for this difference may be because �

frequency DBS need to be at the intrinsic peak fre-
quency to be effective and the optimal � frequency
varied widely among patients (table 2).3,12 In the
present study, we used the individual peak STN �

frequencies rather than setting the DBS at a fixed �

frequency. However, we need to study � frequencies
other than the individualized peak � frequencies to
determine whether the prokinetic effects are specific
to individualized peak � frequencies. The effects of
STN DBS at individualized dopamine-dependent
and movement-related peak � frequencies warrant
further investigations to optimize chronic DBS treat-
ments for PD.

Our results showed that applying dopamine-
dependent or movement-related peak � or � fre-
quencies of the STN did not increase PD motor signs
whether in the OFF or ON states as measured by
mUPDRS. Previous studies of STN DBS at � and
� frequencies did not produce consistent results.
Unilateral STN DBS at 5 Hz was found to reduce
hand-tapping speed.20 Two studies that measured
finger-tapping rate with the repetitive depression of a
single key with the index finger found that bilateral
STN DBS at 5 and 20 Hz reduced tapping speed by
�12% and �8% compared with no stimulation but
only a subgroup of patients with PD who demon-
strated normal baseline tapping rate and stimulation
at 10 Hz did not decrease tapping rate compared to
no stimulation.16,17 In contrast, bilateral STN DBS at
10 Hz was found to significantly worsen PD motor
symptoms particularly bradykinesia measured by
mUPDRS but stimulation at 5 and 20 Hz had no
effect.18 We found that STN DBS at individualized
peak � or � frequencies did not slow hand-tapping

Figure 3 The effects of deep brain stimulation (DBS) frequencies on
tapping speed

The black bars represent motor Unified Parkinson’s Disease Rating Scale scores obtained
in the OFF dopaminergic medication state while the green bars represent the ON dopami-
nergic medication states. HF � high frequencies used for chronic DBS; MED � individual-
ized dopamine-dependent frequencies; MOVE � individualized movement-related
frequencies; STIM OFF � subthalamic nucleus DBS turned off. * p � 0.05. Error bar indi-
cates 1 SEM.
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speed compared to no stimulation. This may be be-
cause we used different methods compared to previ-
ous studies. Our hand-tapping test involved more
complex arm movements compared to the simple
finger tapping.16,17 We used peak � or � STN fre-
quencies instead of fixed frequencies and used unilat-
eral STN DBS instead of bilateral stimulations used
in previous studies.16–18 Regardless of differences in
methodologies and findings, STN DBS at � and �

frequencies did not produce a consistent increase in
parkinsonian motor symptoms. No previous study
examined the effect of low-frequency STN DBS in
the ON medication state. Our results suggest that
STN DBS at peak � and � frequencies did not block
the effects of levodopa (figure 2). Therefore, in-
creased � or � oscillations in the STN may be indica-
tors13–15,32 rather than contributors to PD motor
symptoms. However, we cannot rule out subtle ef-
fects. It is also possible that the single pulse stimula-
tions we used were not sufficient to synchronize the
intrinsic � and � rhythms. A train of pulses may be
required33 but this type of setting was not possible
with the pulse generator used. See appendix e-1 for a
discussion of the limitations of the study.

Short-term STN DBS at individualized peak os-
cillations of dopamine-dependent and movement-
related � frequencies are as effective as conventional
HF for reducing parkinsonian motor signs. The
long-term effects of individualized � frequency STN
DBS need to be examined in future studies.
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