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Abstract
Background—Subthalamic deep brain stimulation is superior to medical therapy for the motor
symptoms of advanced Parkinson’s disease, and additional evidence suggests that it improves
refractory symptoms of essential tremor, primary generalized dystonia, and obsessive-compulsive
disorder. Despite this, its therapeutic mechanism is unknown. We hypothesized that subthalamic
stimulation activates cerebral cortex at short latencies after stimulus onset during clinically
effective stimulation for Parkinson disease.

Methods—In 5 subjects (6 hemispheres) electroencephalography measured the response of
cortex to subthalamic stimulation across a range of stimulation voltages and frequencies. Novel
analytical techniques reversed the anode and cathode electrode contacts and summed the resulting
pair of event related potentials to suppress the stimulation artifact.

Results—Subthalamic brain stimulation at 20 Hertz activates somatosensory cortex at discrete
latencies (mean latencies 1.0 ± 0.4, 5.7 ± 1.1, and 22.2 ± 1.8 milliseconds, denoted R1, R2, and
R3, respectively). The amplitude of the short latency peak (R1) during clinically effective high
frequency stimulation is nonlinearly dependent on stimulation voltage (p < 0.001, repeated
measures analysis of variance), and its latency is less variable than that of R3 (1.02 versus 19.46
milliseconds, p < 0.001, Levene’s test).

Conclusions—Clinically effective subthalamic brain stimulation in humans with Parkinson
disease activates cerebral cortex at one millisecond after stimulus onset, most likely by antidromic
activation. Our findings suggest that alteration of the precise timing of action potentials in cortical
neurons with axonal projections to the subthalamic region is an important component of the
therapeutic mechanism of subthalamic brain stimulation.

Introduction
Subthalamic nucleus deep brain stimulation (DBS) is superior to medical therapy for the
motor symptoms of Parkinson disease (PD), and additional evidence suggests that it
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improves refractory symptoms of essential tremor, generalized dystonia, and obsessive-
compulsive disorder (1–6). Despite the comparable symptomatic effects of stereotactic
lesions (subthalamotomy) and DBS for PD, multiple functional imaging studies show that
glucose metabolism / blood flow is increased in the ipsilateral subthalamic nucleus and
thalamus and reduced in frontal cortex during effective stimulation versus DBS off (7–10).
These paradoxical findings, coupled with electrophysiology showing activation of output
structures by DBS, raise the question of whether activation or inhibition of neurons is
therapeutically relevant, and whether the mechanism of DBS is a local phenomenon versus a
more distributed systems effect (11–15).

Projections from frontal cortex to the subthalamic region (the “hyperdirect” pathway) have
been implicated in the pathophysiology of PD and the mechanism of DBS (16–18). In
particular, Gradinaru et al. showed improvement in motor function in a mouse model of PD
during selective optical activation of frontal cortex neurons and electrical stimulation of the
subthalamic region but not during selective optical activation or deactivation of subthalamic
neurons alone (19). Although prior electroencephalography (EEG) studies demonstrate
event related potentials (ERPs) between 3 to 50 milliseconds after stimulus onset, DBS was
delivered at clinically ineffective low frequencies (2–33 Hertz) to avoid the stimulus artifact.
This has led some to infer antidromic cortical activation in humans based on the earliest
discernable peaks in the ERP and on paired pulse and transcranial magnetic stimulation
paradigms, while others argue solely for polysynaptic activation of cortex at longer latencies
(20–23). We hypothesized that novel analysis techniques would demonstrate non-synaptic,
short latency activation of cortex during clinically effective high frequency subthalamic
DBS. Better understanding the mechanism of DBS has the potential to optimize existing
therapies and to guide innovation in novel indications in neurology and psychiatry.

Methods
This study received prior Institutional Review Board approval, and subjects were diagnosed
with PD based on consensus criteria. Feasibility studies were conducted on 3 subjects, and 5
subjects (6 brain hemispheres) underwent the range of stimulation parameters for the group
analyses. Our goal was to characterize the electrophysiology of effective DBS, therefore we
enrolled subjects who had the expected postoperative improvement and verified appropriate
lead location based on previously published methods (Table 2) (24, 25).

Adjustment to Bipolar Stimulation Configuration and Motor Assessment
A DBS lead consists a linear array of four electrode contacts numbered by convention 0, 1,
2, and 3. Preliminary studies showed that monopolar stimulation elicits a large electrical
artifact, therefore subjects were transitioned to bipolar stimulation, using adjacent contacts
as anode and cathode. Subjects were blinded to stimulator settings. To verify that similar
improvement occurred after the change to bipolar stimulation, we identified the threshold
voltage for improvement in the contralateral arm with items 20–25 from the Unified
Parkinson Disease Rating Scale (UPDRS). A two-tailed paired t-test evaluated whether
motor function changed significantly at this voltage versus DBS off.

Electroencephalographic Recordings
A conventional EEG system measured scalp potentials with subjects awake and at rest. All
stimulation epochs and pauses between conditions with DBS off were at least 120 seconds
in duration. A second epoch was acquired for each condition following reversal of the
anode/cathode pair (i.e., from 2+1- to 2-1+), in random order. The stimulation voltage was
increased in 1 Volt increments to 1 Volt above the threshold voltage for motor improvement
in the contralateral arm, with the stimulation frequency held constant at ≥130 Hertz.
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Similarly, the stimulation frequency was progressively decreased from higher to lower
frequencies, save that the stimulation voltage was held constant at the threshold for motor
improvement.

Calculation of Event Related Potentials and Peak Latency and Amplitude Measures
ERPs were calculated by averaging epochs aligned to stimulus onset, and the corresponding
anode/cathode pairs were summed to generate a composite ERP for each condition (23). The
assumption is that this summation procedure will suppress the stimulus artifact and amplify
common elements of the underlying brain response. We generated multiple ERPs within and
across conditions by randomly and independently sampling stimulation events without
replacement. First, we measured the latencies of the short, intermediate, and long latency
peaks in the ERP (denoted R1, R2, and R3 throughout) during 20 Hertz stimulation. Second,
we evaluated whether the variance in the peak latency differed between R1 and R3 with
Levene’s test. Third, EEG field potentials were visualized with both two-dimensional
topographic plots and contour plots in individual channels (26). Fourth, we determined
whether stimulation voltage and frequency altered the peak amplitude of the short latency
response (R1) with repeated measures ANOVA, using the peak amplitude as subject and the
stimulation voltage or frequency as condition. If the omnibus statistical tests showed
differences at p ≤ 0.01, post-hoc comparisons were calculated by the Tukey method. Finally,
linear and second-order polynomial regressions on both the millisecond latency peaks and
the electrical stimulus transient peaks across stimulation voltages determined which
statistical model best explained the data.

Results
Clinical Data and Experimental Stimulator Settings

Demographic data are contained in Table 1. The threshold voltage for motor improvement in
the arm was typically approximately 1 Volt higher during bipolar stimulation (regardless of
electrode polarity) versus monopolar stimulation, and essentially identical improvement was
obtained following anode/cathode reversal.

Polyphasic Event Related Potential to Subthalamic Stimulation
Reversal of the anode and cathode contacts inverts the polarity of the stimulus artifact (green
and blue traces, Figure 1), yet both traces demonstrate downgoing (positive) deflections at
one millisecond after stimulus onset (R1). Summation of the pair of ERPs minimizes the
stimulus artifact and amplifies the underlying brain response (red trace). Similarly, the later
peaks in the response at 6 and 22 milliseconds latency (R2 and R3) share the same
morphology and timing, regardless of the polarity of the prior stimulation artifact. Across
different scalp electrodes, R1 retains the same polarity (red traces), in contrast to phase
reversals in the stimulation artifacts (blue and green traces). Furthermore, R1 is not present
in EEG electrodes submerged in a bowl of saline with an externalized DBS system
(Supplementary Figure 1).

The Short Latency Peak Shows More Precise Timing Than Later Peaks in the ERP
The ERP to subthalamic DBS at 20 Hertz at the threshold voltage for motor improvement in
the arm shows three initial peaks across subjects – a temporally fixed early response at 1.0 ±
0.4 milliseconds (R1), a smaller amplitude intermediate latency response at 5.7 ± 1.1
milliseconds (R2), and a broad, longer latency response in 4 of 5 subjects (5 of 6 brain
hemispheres) at 22.2 ± 1.8 milliseconds (R3, Figure 2). The variance in peak latency was
markedly less for R1 than for R3 (1.0 versus 19.5 milliseconds, p < 0.001, Levene’s test).
Each of the peaks in the ERP showed C3/C4 phase reversals when referenced to the
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contralateral mastoid. Furthermore, two-dimensional topographic plots for the stimulus
artifacts peaks and R1 from the composite ERP indicate that these potentials are spatially
independent and cannot localize to the same source, similar to findings from Figure 1.

The Amplitude of the Short Latency Peak Depends Non-linearly on Stimulation Voltage
The amplitude of R1 increases with stimulation voltage, with stimulation frequency held
constant at ≥130 Hz. Contour plots from EEG electrodes in one subject demonstrate the
instantaneous, reproducible nature of the response and its stable latency across DBS voltages
(Figure 3). Regression demonstrates that the peak amplitude of R1 as a function of
stimulation voltage was best fit by a second order polynomial, while the stimulus artifact
peak was best fit by simple linear regression. Furthermore, repeated measures ANOVA
shows a significant effect of stimulation voltage on the amplitude of the response (p <
0.001), and post-hoc paired comparisons showed differences in amplitudes across
stimulation voltages. Importantly, improvement in motor symptoms in the contralateral arm
was demonstrated across subjects at the threshold voltage during high frequency stimulation
(p = 0.002).

Similar contour plots illustrate the relationship between stimulation frequency and the ERP
over short time scales, with the stimulation voltage held constant at the threshold for motor
improvement (Figure 4). The later peaks in the response are not visible at higher stimulation
frequencies, because they are obscured by the subsequent stimulus pulses. In contrast to its
relationship to stimulation voltage, R1 is present across the range of stimulation frequencies.
Repeated measures ANOVA showed evidence for smaller R1 peak amplitudes at the highest
stimulation frequencies (p = 0.012), and post-hoc analyses showed highly significant within-
subject effects of stimulation frequency on R1 amplitude (p < 0.001).

In summary, the following observations indicate that R1 is not an electrical artifact: (1)
within individual EEG electrodes, its polarity is independent from the preceding stimulus
artifact when the anode and cathode DBS contacts are reversed; (2) across different EEG
electrodes, its spatial localization is independent from the stimulus artifact; (3) it is not
observed in a bowl of saline containing an externalized DBS system; (4) its peak has the
same polarity as the later peaks in the response during low frequency DBS; and finally (5)
its amplitude increases non-linearly with rising stimulation voltages in contrast to the
stimulus artifact.

Discussion
Our results demonstrate that neurons in cerebral cortex discharge at one millisecond after the
stimulus pulse during clinically effective high frequency subthalamic DBS in humans with
PD. This most likely represents a non-synaptic, antidromic (retrograde) response, based on
the following observations: (1) it occurs too rapidly for synaptic transmission; (2) its latency
is more fixed than later peaks in the response; and (3) it is present across a range of
stimulation frequencies. Furthermore, our findings suggest this potential localizes to
ipsilateral cortex, which parallels results of Gradinaru et. al., who demonstrated that optical
activation of cortical neurons and subthalamic stimulation, but not activation or deactivation
of subthalamic neurons alone, improved motor function in a mouse model of PD (19).

The short latency response (R1) is conducted over an approximate distance of 6 centimeters
between the subthalamic region and the cortical surface, suggesting a conduction velocity of
at least 60 meters/second. Although this rapid velocity is consistent with retrograde
activation of large diameter cortical pyramidal cell axons, a caveat is that we cannot
demonstrate collision because these were non-invasive scalp potentials from humans with
idiopathic PD. Despite this, prior animal studies have demonstrated antidromic cortical
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discharges and collision during subthalamic electrical stimulation (17). Another potential
contributor to R1 might be the summed orthodromic depolarization of presynaptic axon
terminals in cortex originating from the subthalamic region, prior to the generation of the
excitatory post-synaptic potential (26). This is less likely, however, because the peak at one
millisecond occurs considerably sooner than the predicted latency for the slower conducting,
smaller diameter axons of subthalamic neurons (~5–8 milliseconds) (18, 27, 28).
Furthermore, it is unclear to what extent EEG can detect presynaptic axonal depolarizations
(29).

Our methods to minimize the stimulation artifact demonstrate the morphology and timing of
R1 from its onset, suggesting that the later peaks measured by Kuriakose et. al. and others at
3 milliseconds latency represents the conclusion or “tail” of the waveform (20). Indeed, our
results demonstrate that stimulus artifact obscures most, if not all, of R1 in prior EEG
studies. Our latencies are also faster than those measured during antidromic activation of
cortical neurons in rodents (~1.6 ms) (17). This is likely based upon the following: (1)
isoflurane and ketamine were used together for anesthesia, both of which slow the
conduction velocity (30, 31); (2) the brain may have been cooled towards the ambient
temperature during surgical exposure, further slowing the conduction velocity (28); and (3)
stimulation artifact may have obscured the fastest responses. Regardless of these
mechanistic and technical considerations, our results demonstrate a short latency scalp
potential that is associated with symptomatically effective, high frequency subthalamic DBS
in humans with idiopathic PD.

Contrary to predictions of stereotactic lesions (subthalamotomy), multiple functional
imaging studies demonstrate both increased activity in the ipsilateral subthalamic nucleus
and thalamus and reduced activity in frontal cortex during effective subthalamic DBS versus
no stimulation (32). Furthermore, Haslinger et. al. show that increasing stimulation
frequencies result in corresponding decreases in glucose metabolism in ipsilateral frontal
cortex (33). Assuming that subthalamic stimulation activates “hyperdirect” pathway axons
bidirectionally, our results suggest that in addition to antidromic cortical activation, DBS
alters the precise timing and magnitude of orthodromic discharges to the subthalamic region
as well (34). This inference addresses the paradoxical functional imaging findings,
particularly given that animal studies have shown that non-synaptic, antidromic activation of
cell bodies (in this case in frontal cortex) is likely metabolically less demanding than
synaptic, orthodromic activation of pre- and post-synaptic terminals (in the subthalamic
region) (35–37). So regardless of whether the cortical potential itself has mechanistic
importance, it may serve as a biomarker for stimulation-related orthodromic activation of the
subthalamic region. Interestingly, clinical studies suggest that the most effective DBS
contacts are located just dorsal to the subthalamic nucleus rather than within or below it,
consistent with the notion that motor improvement is associated with depolarization of
axons descending from cortex into the subthalamic region (38, 39).

The more variable timing of the later peaks (R2 and R3) versus R1 suggests that they
represent orthodromic, synaptic activity. Our methods have allowed discrimination of a
distinct peak at an intermediate latency of 5.7 milliseconds (R2), the timing of which is
compatible with monosynaptic, orthodromic activity measured in primate subthalamic
neurons upon stimulation in the opposite direction from ipsilateral frontal cortex to
subthalamic neurons (5.8 milliseconds) (40, 41). The broad, temporally dispersed response
at approximately 22 milliseconds latency (R3) most likely represents polysynaptic activation
of cortex, which may originate from activation of pallidothalamic fibers in or around the
zona incerta. Other possible contributors to both of these later responses include phase
resetting by antidromic activation followed by synchronized spontaneous discharges, local
processing via cortico-cortical synapses or interneurons, or activation of other anatomical
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pathways. Regardless, neuronal synchronization, resonance, beat phenomena, and
oscillations have been proposed as potential components of the therapeutic mechanism of
DBS (13, 15, 42, 43).

The peak amplitude of R1 is non-linearly dependent on the DBS voltage during high
frequency stimulation. This suggests that increasing stimulation voltages activate
correspondingly larger tissue volumes, the number of available axons within which would
be expected to increase exponentially. The geometry of this volume is likely complex and
dependent upon on local impedances, electrode location, stimulation parameters, and other
variables (44). Additionally, the range and/or step size between voltages may limit more
detailed inferences regarding this relationship. In contrast to voltage, stimulation frequency
had a less prominent effect on the peak amplitude of the antidromic potential, trending
towards smaller amplitudes at higher frequencies at the group level (p = 0.012). This
preliminary finding suggests that cortical neurons with efferent axons in the subthalamic
region are more likely to be refractory at the time of a given stimulus pulse during effective
high frequency DBS versus lower frequency stimulation (12).

This study has potential limitations, many of which were imposed by efforts to balance the
duration and tolerability of the protocol in these advanced PD patients without DBS and
dopaminergic medications for greater than 12 hours. First, although motor function was not
quantified at the lower stimulation frequencies and voltages, we demonstrated significant
improvement in the UPDRS score for the contralateral arm at the threshold stimulation
voltage versus DBS off, which verifies that the bipolar stimuli were of sufficient intensity to
provide symptomatic improvement. Second, the short stimulation epochs might temporarily
improve motor function or cause carry-over effects, however tremor and rigidity typically
change within seconds of DBS activation/inactivation, and 60–80% of bradykinesia returns
within 60 seconds of inactivation (45, 46). Although these durations are well within our time
intervals, motor improvement still might not be sustained hours or days after the acute
stimulator adjustments. Third, anatomically ineffective locations were not stimulated,
however DBS was delivered at ineffective/suboptimal settings from appropriately located
contacts (i.e., all of the lower stimulation voltages and frequencies). Fourth, since the
amplitudes of the composite ERPs represent the sum of pairs of responses, the reported
values are larger than what would be expected from a single stimulation condition. Fifth,
although the number of subjects enrolled was relatively small, our findings were consistent
across subjects, and high stimulation frequencies allowed the generation of independent
ERPs for within-subject comparisons, thereby improving statistical power. Finally, the
extent to which cortico-subthalamic axons arise as collateral projections from the
corticospinal tract versus originating from distinct populations of cortical neurons is unclear.
Although some portion of the R1 might arise from direct activation of descending
corticospinal tract axons or other fibers of passage, multiple observations argue against
direct corticospinal tract activation, including electromyography data which do not show
temporally fixed, short latency responses in the contralateral arm during DBS (see
Supplementary Figure 2).

In summary, we found that effective high frequency subthalamic DBS for PD is associated
with synchronization of cortical neurons at the stimulation frequency or one of its sub-
harmonics. Furthermore, assuming that cortico-subthalamic axons are activated
bidirectionally, stimulation likely alters the precise timing and magnitude of “hyperdirect”
pathway discharges in the subthalamic region, as well. Since DBS systems offer more
settings that can be practically tested in the research or clinical environment, one therapeutic
implication is that similar techniques could allow estimation of the physiological dose of
DBS the brain, which could confer greater or more sustained efficacy, fewer adverse effects,
fewer follow-up appointments for stimulator readjustment, less frequent surgery for battery
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depletion, and lower cost. Furthermore, while a visible symptom like tremor typically
responds to effective stimulation within seconds, patients with dystonia, psychiatric
diseases, and novel proposed indications for DBS may not experience maximal clinical
effects until days or weeks after stimulation is begun.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The short latency response to subthalamic DBS and the electrical stimulus transient
are independent signals
(A) Within a single EEG electrode, responses from FP1-M2 during 20 Hertz left
subthalamic DBS show reversal of the stimulus artifact by inversion of the anode and
cathode contacts (3+2- and 3-2+, blue and green traces, respectively). The composite ERP
demonstrate three discrete peaks at approximate latencies of 1, 6 and 22 milliseconds after
stimulus onset (P1, P2, and P3, respectively, red traces). The inset shows the short latency
response over a shorter time scale, demonstrating that it retains the same polarity, regardless
of the polarity of the bipolar stimulus transient that precedes it. Furthermore, the polarity of
the millisecond latency peak shares the same polarity as the later peaks in the response, both
in the two anode/cathode pairings (blue and green traces) and in the composite ERP (red
trace). (B, C) Across different EEG electrodes, the electrical stimulus transients (blue and
green traces) but not the short latency brain response (red traces) in F4-M2 are reversed
relative to FP1-M2 and FP2-M2, indicating that the stimulus artifact from the DBS pulse
(the large peaks in the blue and green traces) and the short latency brain response (red
traces) are spatially independent and cannot localize to the same source. Each trace is the
average of approximately 9000 stimulation events in each of the anode-cathode pairings.
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Figure 2. Event related potential to subthalamic DBS
(A) Multiple responses from subthalamic DBS in one subject are calculated from
independent stimuli within each condition (right subthalamic DBS at 20 Hertz, each trace is
the average of approximately 100 stimulation events in the two anode-cathode pairings). (B)
Box plots demonstrate that the variance in peak latency is considerably less for the short
latency response (P1) versus the later peak at approximately 22 milliseconds after stimulus
onset across all subjects (P3, p < 0.001, Levene’s test). (C) Although localization was not
the primary aim of this study, C3/C4 phase reversals were typically seen in each of the peaks
in the ERP (each trace is the average of more than 2,000 stimulation events for each anode/
cathode pairing). (D) Topographic plots of EEG field potentials both for the stimulus artifact
and the short latency brain response. The pair of stimulus artifacts show the expected
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polarity inversion and presumably localize subcortically where current exits the DBS
electrode. In contrast, the short latency brain response shows a C3/C4 phase reversal
ipsilateral to the DBS, suggesting localization to somatosensory cortex.
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Figure 3. The peak amplitude of the short latency response (R1) increases nonlinearly with
stimulation voltage and is present during clinically effective high frequency stimulation
Throughout this figure, asterisks indicate the stimulation voltages associated with
improvement in motor symptoms in the contralateral arm. (A1) Contour plots demonstrate
composite ERPs in F3-M2 with peak latencies of approximately 0.8 milliseconds after
stimulus onset delivered across a range of stimulation voltages, at constant frequency and
pulse width of 185 Hz and 60 μV, respectively. (A2) In the same subject, the peak of the
short latency response occurs slightly later, at approximately 1.1 ms, in channel FP2-M2
(the plots consist of 50 ERPs per stimulation voltage, each an average of approximately 50
stimulation events). (B1) Peak amplitudes of the short latency response (red dots) and the
stimulus artifact (blue dots) in an additional subject across the range of stimulation voltages,
with corresponding linear and polynomial regressions (dotted lines, 10 ERPs per stimulation
voltage, each generated from approximately 150 stimulation events). Individual blue dots
are sometimes not discernable because they overlap one another so closely. (B2) Linear and
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polynomial regressions across all subjects. (C) Significant improvement in tremor, rigidity,
and bradykinesia in the contralateral arm occurred at the threshold stimulation voltage
during high frequency stimulation versus DBS off (p = 0.002, paired t-test).
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Figure 4. Event related potentials to subthalamic DBS are altered by stimulation frequency
Throughout this figure, asterisks indicate the stimulation conditions associated with
improvement in motor symptoms in the contralateral arm. (A) ERPs to subthalamic DBS
depicted in contour plots in a subject across a range of stimulation frequencies, with voltage
and pulse width held constant at 4.5 Volts and 60 milliseconds, respectively. Blue arrows
denote the onset time of the electrical stimulus transient, which is eliminated by the analysis
procedure. The short latency cortical response (R1) is present across all stimulation
frequencies (the narrow vertical bars in the contour plots, initial responses denoted by red
arrows), and the longer latency components of the ERP (R2 and R3, green arrows) are
prominent during the lower frequency stimulation conditions (5, 20, and 70 Hz). These later
responses diminish in amplitude during 20 Hz versus 5 Hz stimulation and are obscured by
ensuing stimulus pulses at progressively higher stimulation frequencies (approximately 50
ERPs per condition). (B) The peak amplitude of the short latency response diminishes at
higher stimulation frequencies in an individual subject (10 ERPs at each DBS frequency,
repeated measures ANOVA, p < 0.001), and (C) across all subjects there was also evidence
for diminished amplitude of the short latency ERP at higher stimulation frequencies
(repeated measures ANOVA, p = 0.012).
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