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Lipski WJ, Wozny TA, Alhourani A, Kondylis ED, Turner RS,
Crammond DJ, Richardson RM. Dynamics of human subthalamic
neuron phase-locking to motor and sensory cortical oscillations during
movement. J Neurophysiol 118: 1472–1487, 2017. First published
June 7, 2017; doi:10.1152/jn.00964.2016.—Coupled oscillatory activ-
ity recorded between sensorimotor regions of the basal ganglia-
thalamocortical loop is thought to reflect information transfer relevant
to movement. A neuronal firing-rate model of basal ganglia-thalamo-
cortical circuitry, however, has dominated thinking about basal gan-
glia function for the past three decades, without knowledge of the
relationship between basal ganglia single neuron firing and cortical
population activity during movement itself. We recorded activity from
34 subthalamic nucleus (STN) neurons, simultaneously with cortical
local field potentials and motor output, in 11 subjects with Parkinson’s
disease (PD) undergoing awake deep brain stimulator lead placement.
STN firing demonstrated phase synchronization to both low- and
high-beta-frequency cortical oscillations, and to the amplitude enve-
lope of gamma oscillations, in motor cortex. We found that during
movement, the magnitude of this synchronization was dynamically
modulated in a phase-frequency-specific manner. Importantly, we
found that phase synchronization was not correlated with changes in
neuronal firing rate. Furthermore, we found that these relationships
were not exclusive to motor cortex, because STN firing also demon-
strated phase synchronization to both premotor and sensory cortex.
The data indicate that models of basal ganglia function ultimately will
need to account for the activity of populations of STN neurons that are
bound in distinct functional networks with both motor and sensory
cortices and code for movement parameters independent of changes in
firing rate.

NEW & NOTEWORTHY Current models of basal ganglia-thalamo-
cortical networks do not adequately explain simple motor functions,
let alone dysfunction in movement disorders. Our findings provide
data that inform models of human basal ganglia function by demon-
strating how movement is encoded by networks of subthalamic
nucleus (STN) neurons via dynamic phase synchronization with
cortex. The data also demonstrate, for the first time in humans, a
mechanism through which the premotor and sensory cortices are
functionally connected to the STN.

Parkinson’s disease; subthalamic nucleus; spike phase-locking; basal
ganglia; beta oscillations; deep brain stimulation; motor cortex

STANDARD NEURONAL FIRING RATE-based models of basal ganglia
function do not adequately explain many aspects of basal
ganglia organization, such as the contributions of first-order,
“hyperdirect” projections of cortical neurons to the subtha-
lamic nucleus (STN) or the mechanisms through which the
integration of sensory information occurs in the circuit. In
addition to afferents from the external globus pallidus, the
primate STN receives direct projections from broadly distrib-
uted cortical areas including primary motor cortex, premotor
cortex, supplementary motor area, dorsolateral prefrontal, an-
terior cingulate, and inferior frontal cortex (Afsharpour 1985;
Haynes and Haber 2013; Nambu et al. 1997; Parent and
Hazrati 1995). In rodents, the STN additionally has been
reported to receive direct inputs from primary somatosensory
cortical areas (Canteras et al. 1990). Microelectrode recording
(MER) in subjects with Parkinson’s disease (PD) and in non-
human primates has shown that many neurons in the sensori-
motor STN modulate their spiking activity during active move-
ment and in response to proprioceptive stimulation (Abosch et
al. 2002; DeLong et al. 1985; Georgopoulos et al. 1983;
Rodriguez-Oroz et al. 2001; Romanelli et al. 2004; Schrock et
al. 2009; Starr et al. 2003; Theodosopoulos et al. 2003; Wich-
mann et al. 1994). Additionally, the STN has been the
subject of numerous local field potential (LFP) recording-
based studies in PD patients undergoing deep brain stimu-
lation (DBS) surgery, resulting in a proposed role for the
STN in motor response inhibition during decision making.
For example, single-unit firing rates and rhythms, as well as
low-frequency cortico-subthalamic LFP oscillations, have
been suggested to track with the difficulty level of a choice
(Alegre et al. 2013; Zaghloul et al. 2012; Zavala et al. 2014,
2016, 2017); however, other known cortical inhibitory pro-
cesses that contribute to movement selection are thought to
begin too early to be mediated by output from the basal
ganglia (Turner and Desmurget 2010). Thus STN function is
likely complex and not adequately described by binary
changes in firing rates.
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Wichmann et al. (1994) found that a majority of single
neurons in the STN increase their firing rate beginning around
the time of movement onset but after the onset of muscle
activity, suggesting that the sensorimotor territory of the STN
participates in the modulation of ongoing movement. Changes
in firing rate alone, however, cannot fully account for func-
tional effects observed after clinical and experimental in-
sults to basal ganglia nuclei (DeLong and Wichmann 2007;
Nambu et al. 1997); furthermore, evidence of oscillatory
activity in STN neurons (Bevan et al. 2002; Gale et al. 2009)
suggests that firing pattern may participate in information
transfer within the circuit. Indeed, PD has been associated
with both abnormal synchronization of activity in the STN
within the beta (12–35 Hz) frequency band (Brown 2003;
Hammond et al. 2007; Kühn et al. 2009) and rhythmic STN
neuronal discharge at oscillations in the beta range at rest
(Schrock et al. 2009; Steigerwald et al. 2008; Yang et al.
2014). One physiological mechanism for the modulation of
firing pattern is synchronization with specific frequencies in
the LFP, where the probability of spiking is modulated by
the phase of LFP oscillations. In PD subjects undergoing
DBS surgery, simultaneous LFP and MER recordings within
the STN have been used to explore the resting spatiotem-
poral relation of spiking to nested LFP oscillations (Yang et
al. 2014). Furthermore, Shimamoto et al. (2013) described a
relationship of STN spiking to LFP sampled from the
primary motor cortex of PD subjects at rest. Two distinct
types of STN spike-to-M1 LFP phase-locking were de-
scribed: 1) spike locking to the phase of low-frequency
oscillations (theta-beta range; 4 –30 Hz), and 2) spike lock-
ing to the amplitude envelope of high-frequency oscillations
(gamma band; 50 –200 Hz). Together, these results suggest
that STN spikes are locked to the phase of phase-amplitude-
coupled oscillations in cortex.

The influence of motor behavior on spike-field relationships
is not known; however, we recently demonstrated that exces-
sive phase-amplitude coupling (PAC) in sensorimotor cortex is
reduced dramatically during movement in subjects with PD
and essential tremor (Kondylis et al. 2016). In the current
study, we tested whether STN spike phase-locking is also
modulated dynamically during movement by examining the
synchronization of neuronal firing in the STN with oscillatory
activity in sensorimotor cortex during a bimanual grip force
reaction time task.

MATERIALS AND METHODS

Subjects and surgery. Subjects were movement disorders patients
undergoing awake DBS surgery for PD. Unified Parkinson’s disease
rating scale (UPDRS) testing was administered by a neurologist
within 4 mo before DBS surgery. Subjects were designated as tremor
dominant if the ratio of their mean tremor subscores (UPDRS 3.20,
3.21) to the mean of their gait and postural stability subscores
(UPDRS 3.29, 3.30) exceeded 1.5 (Stebbins et al. 2013). All subjects
underwent overnight withdrawal from or a reduced dose of their
dopaminergic medication before surgery. Targeting and MER were
performed using standard clinical techniques for STN DBS (Starr
et al. 2003). All participants provided written, informed consent in
accordance with a protocol approved by the Institutional Review
Board of the University of Pittsburgh (IRB Protocol no.
PRO13110420).

Recording. Unit recordings were carried out using single glass-
insulated platinum-iridium microelectrodes (FHC, Bowdoin ME) with

impedances between 0.5 and 1.0 M�. Signals were filtered and
amplified using the Guideline 4000 LP� system (FHC; 125 Hz–20
kHz), digitized at 30 kHz using the Grapevine Neural Interface
System (NIPS; Ripple, Salt Lake City, UT), and saved to a computer
for analysis. In one subject, the recordings were carried out using the
Neuro-Omega recording system (Alpha Omega, Alpharetta, GA)
using Parylene-insulated tungsten microelectrodes. Electrocorticogra-
phy (ECoG) data were recorded using a strip electrode placed tem-
porarily in the subdural space through the burr hole, with either a
1 � 4, 1 � 6, or 1 � 8 (n � 10; 2.3-mm exposed electrode diameter,
10-mm interelectrode distance) or a 2 � 14 [n � 1; 1.2-mm exposed
electrode diameter, 4-mm interelectrode distance; high-density (HD)
contacts] contact platinum-iridium cortical strip electrodes (Ad-Tech
Medical Instrument). ECoG signals were online notch filtered at 60,
120, and 180 Hz, bandpass filtered (0.3–250 Hz), amplified, and
digitized at 1,000 Hz using the Grapevine NIPS.

Grip task. The behavioral paradigm, a visually cued, instructed
delay handgrip task with monetary incentive, was previously de-
scribed (Kondylis et al. 2016). A single trial of the task began with
illumination of the yellow light on a traffic light in the center of the
screen and an instructional cue on one side of the screen designating
with which hand the subject should subsequently respond by squeez-
ing the handgrip. The instructional cue and yellow light remained
illuminated for 1,000–2,000ms (uniform random distribution), after
which the yellow light was extinguished and either the green light (Go
cue) or red light (No-Go cue) was illuminated. Following a Go cue,
subjects successfully completed the trial if they responded by squeez-
ing a grip force lever (MIE Medical Research, Leeds, UK) with the
correct hand in �2 s and maintained at least 10% of their previously
measured maximum voluntary grip force for �100 ms. A trial was
counted as an error if subjects did not meet these criteria or inappro-
priately squeezed during a No-Go trial. Following completion of each
trial, a feedback message cued the subject to stop squeezing the
handgrip and indicated the winnings or losses for the trial as well as
a running balance of winnings. Each trial was followed by a variable
intertrial interval (ITI) of 500–1,000 ms. All subjects (n � 11)
achieved a proficiency of at least 75% correct trials during a preop-
erative practice period and completed at least 15 successful trials for
each hand.

Anatomical localization of ECoG recordings. ECoG recording
electrode strip placements were localized on the brain surface by
merging an intraoperative fluoroscopy image with a preoperative CT
scan and postoperative MRI (Randazzo et al. 2016). The electrodes
were categorized according to their anatomical location using auto-
mated segmentation in FreeSurfer (Dale et al. 1999; Desikan et al.
2006) as parietal (inferior parietal, superior parietal, supramarginal),
postcentral (postcentral gyrus), precentral (precentral gyrus), and
frontal (caudal middle frontal, superior frontal).

Unit analysis. MER data were imported into off-line spike-sorting
software (Plexon, Dallas, TX) for discrimination of single populations
of action potentials using principal components analysis. Spikes were
sorted into single units according to standard criteria, including
stability of waveforms throughout the recording, presence of a
refractory period in the interspike interval distribution of at least 3
ms, and absence of strong modulation of firing by cardiac rate
(Schrock et al. 2009; Starr et al. 2003). Recordings that could not
be reliably discriminated into single-unit waveforms and that did
not meet the minimum refractory period criterion were designated
as multiunit recordings. To further ensure that only stable record-
ings were analyzed, firing rates of all spike time series were then
examined over the course of task performance. For every record-
ing, the mean firing rate over the course of each trial was calcu-
lated; a consecutive block of task trials was then selected such that
the mean firing rate for each trial within the set was within 2 SD
of the overall mean firing rate:
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�FR�T � FRt� � 2�FR,T,

where FR�T and �FR,T are the mean and SD of firing rates in a
consecutive set of trials T, FRt is the mean firing rate within trial t, and
t�T.

Timestamp data were used to calculate average firing rate histo-
grams with regard to movement onset, using MATLAB software (The
MathWorks, Natick, MA). Spiking time series were divided into 5-s
epochs aligned on the grip force inflection points of all correct Go
trials and then divided into 100-ms bins. Premovement baseline firing
was defined using a 1-s ITI epoch preceding cue presentation for each
trial; baseline firing distributions for each recording were computed
from the aggregate of these within-trial baseline epoch bins. Signifi-
cant modulation by movement was defined as the occurrence of two
consecutive bins outside the 95% confidence interval of the baseline
distribution within a window of 200 ms before to 1 s after movement
onset.

Unit spectral characteristics. Oscillatory patterns in the spike times
were computed between 0 and 50 Hz using the global spike-shuffling
method (Rivlin-Etzion et al. 2006; Shimamoto et al. 2013). The power
spectral density (PSD) was estimated using MATLAB pwelch func-
tion, using a 2-s sliding window with 50% overlap, resulting in a
frequency resolution of 0.5 Hz. Spectra were normalized to those
obtained by randomly shuffling spike times 100 times; and the
significance threshold was set at 2 SD above the mean of the 300- to
500-Hz part of the normalized spectrum (Rivlin-Etzion et al. 2006).

Spectral analysis. To quantify the changes in oscillatory power
within each frequency band of interest, activation weights (AW) for
1-s pre- and postmovement epochs of ECoG were calculated, using a
1-s pre-Cue time segment (ITI) as baseline (Miller et al. 2007):

AWM,ITI �
(M� � ITI�)3

�M� � ITI���M�ITI
2

NMNITI

NM�ITI
2

M and ITI signify the trialwise distribution of band power within
the movement and ITI epochs, respectively; N represents the number
of trials, and � and an overbar denote the SD and mean, respectively.
AWs are signed squared cross-correlation values reflecting the degree
to which the variance in power across movement and ITI epochs is
explained by the corresponding difference in the mean power (Miller
et al. 2007). PSD was calculated using the MATLAB pwelch function,
using a 256-point (256 ms) sliding window with 50% overlap.

High-frequency activation. The presence of high-frequency activa-
tion (HFA) by contralateral grip squeeze was tested in each ECoG
electrode contact for each subject. First, the signal was bandpass
filtered (75–200 Hz; EEGLAB function eegfilt; Delorme and Makeig
2004), and the Hilbert amplitude was applied to the resulting broad-
band gamma signal. The gamma amplitude was then averaged within
five nonoverlapping 1-s epochs centered on contralateral movement
onset for each trial. Similarly, the baseline broadband gamma ampli-
tude was computed for the 1-s ITI epoch for each trial. The change
from baseline broadband gamma power was then expressed for each
of the five time epochs as a trialwise t statistic. HFA contacts were
defined as those that had a t statistic corresponding to a P value of 0.01
(5% confidence interval corrected for 5 observations) in at least one of
five time epochs. In those subjects where more than one HFA contact
was identified, the contact with the highest broadband gamma t
statistic is reported.

Spike phase-locking. Two types of coherence between STN spike
times and LFPs were examined: beta spike phase-locking (	-SPL) and
gamma amplitude envelope spike phase-locking (
AE-SPL). For
	-SPL analysis, the spectral content of common average referenced
LFPs recorded at subdural electrodes was estimated using complex-
valued Morlet wavelets (4–40 Hz). For 
AE-SPL analysis, common
average referenced LFPs were first bandpass filtered between 75 and
200 Hz (MATLAB eegfilt function), and the amplitude of the Hilbert
transform was computed on the resulting broadband gamma signal.
The resultant complex values were normalized to have unit length. For
each subdural electrode, spike timestamps from each concurrently
recorded STN unit were used to epoch and align LFP spectral
estimates from 500 ms before to 500 ms after spike firing. Complex
values were then averaged across spike-triggered epochs within each
time-frequency point, and absolute value of the modulus was taken to
represent the strength of spike-field coherence (phase-locking factor,
PLF). To normalize these values to the phase-locking expected by
chance given each LFP and spike time series, a null PLF distribution
was generated. One hundred surrogate PLF time-frequency matrices
were calculated using an LFP time series circularly shifted by a
random time lag (MATLAB rand function). z-PLF values at each
time-frequency point were then calculated on the basis of the mean
and SD of the surrogate distribution; z values were calculated as a
function of phase frequency (4–40 Hz) and lag time relative to spike
(�500 ms) for each unit recording and cortical contact within every
subject. Significant z-PLF clusters within each condition were then

Table 1. Clinical characteristics of study subjects

Subject Age, yr Sex
MMSE
Score

Tremor
Dominant

UPDRS Motor Subscores in OFF-Medication State

Total
UPDRS III

Rest
Tremor

Amplitude

Postural
Tremor
of the
Hands

Finger
Tapping

Hand
Movement RAM

R L R L R L R L R L

1 69 F 29/30 No 0 2 0 0 1 1 1 1 1 1 31
2 54 F 29/30 NR NR NR NR NR NR NR NR NR NR NR NR
3 68 M 29/30 No 0 1 0 1 2 3 2 3 1 3 42
4 66 M 30/30 Yes 3 3 2 3 3 3 3 3 3 2 62
5 71 M 30/30 No 2 0 0 0 3 2 3 3 3 3 55
6 65 F 26/30 No 0 1 1 1 2 4 2 3 2 2 54
7 45 M 29/30 Yes 3 3 4 4 0 1 0 1 0 1 31
8 60 M 29/30 No 2 3 1 1 2 3 2 2 2 2 52
9 54 M 30/30 No 1 0 0 0 2 2 2 2 3 3 33

10 68 M NR No 0 0 2 2 2 3 2 2 2 3 48
11 52 M NR No 0 0 0 0 1 1 1 1 1 1 27

Summary of the demographic description of the subject cohort, including neurocognitive assessment and symptom severity. M/F, male/female; MMSE, Mini
Mental State Exam for neurocognition; UPDRS, Unified Parkinson’s Disease Rating Scale; RAM, rapid alternating movements of the hands; NR, value was not
recorded in the medical record.
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identified by thresholding using a cluster-based nonparametric per-
mutation method (Maris and Oostenveld 2007). Cluster thresholding
was performed within the beta frequency band (12– 40 Hz). This
was done because the z-PLF cluster thresholding algorithm takes
into account cluster size and therefore has a slight inherent bias
toward clusters at lower frequencies. Thus confining the analysis to
within the frequency band of interest resulted in a more accurate
representation of significant SPL. Movement-related spike phase-
locking was characterized within 26 one-second sliding windows
time-shifted by 200 ms and centered on ipsilateral and contralateral
movement onset.

Clustering of significant SPL. Significant spike-field locking was
defined using cluster-based nonparametric permutation testing (Maris
and Oostenveld 2007). Each z-PLF time-frequency plot was thresh-
olded to a z-score value equivalent to P � 0.05. Contiguous suprath-
reshold pixels were grouped into clusters using MATLAB’s image
processing toolbox, and the sum of the z scores within each cluster
was calculated. The same procedure was applied to the time-
frequency z-PLF plots of the previously generated random surro-
gates, however, only the largest cluster sum was retained in each
permutation to build a distribution of cluster significance. A P
value was assigned to the clusters in the real z-PLF plots on the
basis of the probability of finding a similar cluster z-score sum
value in the surrogate distribution. Each significant z-PLF cluster
was characterized on the basis of its peak (maximum) phase
frequency and time lag. Testing for differences in z-PLF time-
frequency plots between movement epochs and ITI epochs was
carried out using a similar permutation method. A paired t-statistic
describing the group difference between the ITI and each move-
ment epoch z-PLF was calculated for each time-frequency point.
The same procedure was applied to 1,000 surrogate data sets that
were generated by randomly scrambling ITI and movement epoch
z-PLF plots. The t-statistic time-frequency plots were then thresh-
olded to a z-score value equivalent to P � 0.05, and the signifi-
cance of resulting clusters was identified as described above.
Testing for differences in the z-PLF time-frequency plots between
contralateral and ipsilateral movement epochs was carried out in
the same manner. To summarize movement-related changes in
phase-locking, total positive (increase) and negative (decrease)
cluster t-statistics are reported, along with the cluster range in
time-frequency space and total cluster P values (Fisher’s method
for combining P values was used when multiple clusters were
present within a time epoch).

Correlation of 	-SPL with spectral power and firing rate. To test
whether movement-related changes in 	-SPL might be due to simul-
taneous modulation of cortical spectral power and STN firing rate, the

change in 	-SPL was correlated with corresponding changes in
low-beta power, high-beta power, and firing rate at each movement
time point relative to the ITI baseline. Changes in 	-SPL were
computed by taking the mean z-PLF value in the range of �200-ms
lag times and 12–24 Hz (for correlating with low-beta power),
25– 40 Hz (for correlating with high-beta power), and 12– 40 Hz
(for correlating with firing rate) at each movement epoch for each
unit-contact pair and subtracting the respective mean z-PLF during
the ITI baseline. Corresponding changes in power were computed
as activation weights (AWs; see Spectral analysis above). Firing
rate changes were computed as the fractional change in firing rate
for each movement epoch relative to the ITI baseline: �firing
rate(t) � [firing rate(t) 	 firing rateITI)/firing rateITI]. Linear
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Fig. 1. Examples of voltage traces and power spectra of STN recordings from a single unit with theta and beta (A), a multiunit with low-beta (B), and a single
unit with high-beta oscillatory frequencies (C; significance threshold is indicated by dashed line in each plot). D: distribution of significant frequency components
in neuronal spike recordings in the STN. Unit oscillatory frequency did not appear to depend on the subject’s tremor dominant symptom category. PSD, power
spectral density.

A

frontal
pre-central

parietal
post-central

FRONTAL PRE-CENTRAL POST-CENTRAL PARIETAL
subjects 9 10 10 7
hemispheres 10 16 16 9
contacts 20 63 45 26
unit-contacts 42 137 112 53

B

Fig. 2. Anatomic categorization of ECoG recordings. A: ECoG electrode
contact locations were categorized into parietal (inferior parietal, superior
parietal, supramarginal), postcentral (postcentral gyrus), precentral (precentral
gyrus), and frontal (caudal middle frontal, superior frontal) anatomical regions
based on the Desikan-Killiany labeling system. B: chart showing the number
of subjects, hemispheres, contacts, and unit-contact pairs recorded within each
anatomical region.
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regression was performed (MATLAB regress function), and both
linear (Pearson) and rank-order (Spearman) regression coefficients
were calculated (MATLAB corr function).

RESULTS

Grip task performance. Eleven PD subjects performed a
visually cued, bimanual grip force task. Table 1 summarizes
the demographic description of the subject cohort. Two of 11
subjects were categorized as tremor dominant. The mean grip
reaction time (RT) to the Go stimulus was 0.45 � 0.04 s (left)
and 0.49 � 0.05 s (right). The mean maximum grip force
(Fmax) produced was 92.8 � 16.7 N (left) and 115.4 � 22.2 N
(right). A subset of these subjects (5 of 11) constituted part of
a previously published cohort of PD patients (Kondylis et al.
2016). As reported there, kinematics during task performance
did not differ from those of subjects without a movement
disorder (Kondylis et al. 2016), demonstrating that PD patients
were able to perform the motor task.

Neuronal spike recordings. Thirty-four STN unit recordings
were completed during task performance (mean firing rate
28.1 � 2.3 Hz). Of these recordings, 18 were categorized as
representing single neurons and 16 were categorized as multi-
unit, based on the interspike interval distribution and waveform
principal component analysis. In three cases, two distinct
single units were discriminated from a single recording. Fou-
rier analysis revealed oscillatory firing patterns with significant
frequency components in the theta and alpha bands (4–11 Hz;
n � 14), low-beta range (12–24 Hz; n � 12), and high-beta
range (25–40; n � 8). Twelve units exhibited oscillatory

patterns within multiple bands. Figure 1 shows examples of
recorded voltage traces and power spectra of three STN units.
Unit oscillatory frequency did not appear to depend on the
subject’s tremor dominant symptom category.

Anatomical locations of ECoG recording contacts. The lo-
cations of ECoG recording contacts were mapped to one of four
cortical regions: frontal (n � 20; 0 HD), precentral (n � 63; 12
HD), postcentral (n � 45; 14 HD), and parietal (n � 26; 2 HD)
(Fig. 2). The number of subjects and hemispheres with coverage
of these cortical areas, as well as the total number of unit-contact
pairs (the product of the number of individual STN units and
concurrently recorded ECoG contacts), is indicated in Fig. 2B.

Spectral characteristics of cortical LFP recordings. Oscil-
latory LFP activity within the low-beta band (12–24 Hz),
high-beta band (25–40 Hz), and broadband gamma band (50–
200 Hz) in each cortical region was examined during a 5-s time
window surrounding grip force onset. Oscillatory power, quan-
tified as AWs for each frequency band, was calculated relative
to the ITI baseline and characterized for each region during
grip responses ipsilateral and contralateral to the recorded
hemisphere (Fig. 3). Grip movements on both ipsilateral and
contralateral sides were associated with suppression of beta
power in all regions, which was more pronounced for move-
ments with the contralateral hand than with the ipsilateral hand
(Fig. 3, A and B; P � 0.05, sign test, Bonferroni corrected for
multiple comparisons). Gamma synchronization was increased
selectively during contralateral grip, within pre- and postcen-
tral regions (Fig. 3C; P � 0.05, sign test, Bonferroni corrected
for multiple comparisons).
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Fig. 4. STN beta spike phase-locking (	-SPL)
during ITI. A: example of simultaneous STN
neuronal spike times shown relative to an
ECoG signal from an electrode contact local-
ized to the precentral gyrus during a single 1-s,
movement-free ITI baseline epoch. B: spike-
triggered average (STA) of the ECoG signal
shown in A, based on 660 STN spikes fired
over the course of 44 ITI epochs, showing a
brief oscillation preceding the spike time
(dashed line). C: this relationship was quantified
as a z-scored phase-locking value as a function
of phase frequency and lag time relative to spike.
To identify phase-locking significantly different
from that expected by chance, a 	-SPL cluster
(white outline) within this time-frequency space
was computed using a cluster-based nonpara-
metric permutation method. Note that the clus-
tering was done within the beta frequency range
(12–40 Hz) only, effectively setting bounds on
cluster frequencies. Each cluster was character-
ized by its peak z-PLF time-frequency point
(black cross). Inset polar plot in C shows the
distribution of phase angles at the indicated peak
z-PLF time-frequency point and its mean phase
angle (red arrow). D: group data showing the
distribution of the peak frequencies and lag times
of 	-SPL clusters within each anatomical region.
E: 	-SPL represented as mean z-PLF values
across all unit-contact pairs. F: histogram of
peak 	-SPL cluster frequencies. G: histogram of
peak cluster lag times. Lag times were distrib-
uted around a median of 	32 ms (1st quar-
tile � 	55 ms, third quartile � 5 ms), which
was significantly less than zero (sign test, P �
10	5).
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Fig. 5. STN gamma amplitude envelope spike
phase-locking (
AE-SPL) during ITI. A: exam-
ple of simultaneous STN neuronal spike times
shown relative to broadband gamma-filtered
ECoG signal (black) from an electrode contact
localized to the precentral gyrus during a single
1-s, movement-free ITI baseline epoch. The am-
plitude envelope of the broadband gamma signal
is overlaid in red. B: spike-triggered average
(STA) of the gamma amplitude envelope signal
shown in A, based on 907 STN spikes fired over
the course of 45 ITI epochs, showing an oscil-
lation preceding the spike time (dashed line). C:
this relationship was quantified as a z-scored
phase-locking value as a function of phase fre-
quency and lag time relative to spike. To identify
phase-locking significantly different from that
expected by chance, a 
AE-SPL cluster (white
outline) within this time-frequency space was
computed using a cluster-based nonparametric
permutation method. Each cluster was character-
ized by its peak z-PLF time-frequency point
(black cross). Inset polar plot in C shows the
distribution of phase angles at the indicated peak
z-PLF time-frequency point and its mean phase
angle (red arrow). D: group data showing the
distribution of the peak frequencies and lag
times of 
AE-SPL clusters within each anatom-
ical region. E: 
AE-SPL in the beta band repre-
sented as mean z-PLF values across all unit-
contact pairs. F: histogram of peak 
AE-SPL
cluster frequencies. G: histogram of peak cluster
lag times. Lag times were distributed around a
median of 	33 ms (1st quartile � 	174 ms, 3rd
quartile � 14 ms), which was significantly less
than zero (sign test, P � 0.004).
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Fig. 6. Contralateral and ipsilateral grip force application is associated with a suppression of 	-SPL and 
AE-SPL, and selective increases in 	-SPL: group
summary of STN spike phase-locking across movement time course. A: box plots indicating cue, command, and feedback stimulus times, as well as grip offset
times, for all contralateral grip trials. B: mean 	-SPL z-PLF cluster values shown at each time point relative to contralateral grip force onset. C: clusters of
t-statistics (tstat) showing significant change in 	-SPL from the ITI for contralateral grip trials. D: mean 
AE-SPL z-PLF cluster values shown at each time point
for contralateral grip trials. E: clusters of t-statistics showing significant change in 
AE-SPL from the ITI for contralateral grip trials. F: box plots indicating cue,
command, and feedback stimulus times, as well as grip offset times, for all ipsilateral grip trials. G: mean 	-SPL z-PLF cluster values shown at each time point
relative to ipsilateral grip force onset. H: clusters of t-statistics showing significant change in 	-SPL from the ITI for ipsilateral grip trials. I: clusters of t-statistics
showing significant difference in 	-SPL between contralateral and ipsilateral grips (positive tstat values indicate greater 	-SPL for contralateral grips). J: mean

AE-SPL z-PLF cluster values shown at each time point, for ipsilateral grip trials. K: clusters of t-statistics showing significant change in 
AE-SPL from the
ITI for ipsilateral grip trials. L: clusters of t-statistics showing significant difference in 
AE-SPL between contralateral and ipsilateral grips (positive tstat values
indicate greater 
AE-SPL for contralateral grips). Clusters of t-statistics are computed using paired permutation testing (P � 0.05). Note that the mean significant
cluster plots (B, D, G, J) depict only the mean of z-PLF cluster values for neuron-contact pairs that showed significant SPL at a given time point; t-statistic plots
(C, E, H, I, K, L) reflect the comparison of z-PLF values for all neuron-contact pairs, regardless of the presence of significant z-PLF clusters. All data are aligned
to grip onset (t � 0). Dotted lines outline the 3 time points within 500 ms following movement onset for which t-statistics are listed in Table 4.
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STN neuron firing is phase-locked to LFPs in broadly
distributed cortical areas during the ITI. The ITI task epoch
was used to examine synchronization of STN firing to the
phase of cortical LFP oscillations during periods without
movement (ITI). 	-SPL in the precentral gyrus was observed
in 10 units (5/10 subjects; 39/137 unit-contact pairs), confirm-
ing the findings of Shimamoto et al. (2013). An example of a
neuron synchronized to motor cortex beta oscillations is shown
in Fig. 4A. Phase-locking during the ITI was not specific to
oscillations in the precentral cortex but also was observed for
frontal (8 units; 6/9 subjects; 12/42 unit-contact pairs), post-
central (10 units; 4/10 subjects; 35/112 unit-contact pairs), and
parietal (4 units; 3/7 subjects; 15/53 unit-contact pairs) regions
(Fig. 4, D–F). Lag times across all the cortical regions were

significantly different from zero [median � 	32 ms, interquar-
tile range (IQR) � (	55 5) ms; P � 10	5, sign test], indicating
that the consistent cortical phase appeared before STN spike
firing (Fig. 4G). Peak frequencies and lag times were not
significantly different between cortical regions (Kruskal-Wallis
test; lag times P � 0.35; frequencies P � 0.47).

Gamma amplitude spike phase-locking during the ITI. Sim-
ilarly, synchronization with the phase of oscillations in the
cortical gamma (75–200 Hz) amplitude envelope (
AE-SPL)
was also examined during the ITI. Figure 5A shows an example
of STN activity that is synchronized to the gamma amplitude
envelope of oscillations in motor cortex. 
AE-SPL was ob-
served to oscillations in precentral gyrus in 10 units (5/10
subjects; 16/137 unit-contact pairs), in agreement with previ-

Table 2. Modulation of 	-SPL across regions during 500 ms following movement onset

Decreases in 	-SPL Relative to ITI

Ipsilateral grip t cluster characteristics Contralateral grip t cluster characteristics

Time, s 
t P value
Frequency
range, Hz

Lag
range, ms Time, s 
t P value

Frequency
range, Hz

Lag
range, ms

Frontal
0.1 	1.5E�03 0 13 20 	159 95 0.1 	3.2E�03 0 12 29 	205 249
0.3 	1.1E�03 0 13 36 	145 213 0.3 	3.6E�03 0 13 29 	199 173
0.5 	1.4E�03 0 13 35 	195 199 0.5 	3.2E�03 0 13 34 	249 249

Precentral
0.1 	1.1E�04 0 12 28 	223 201 0.1 	1.0E�04 0 12 31 	251 113
0.3 	1.0E�04 0 12 30 	251 237 0.3 	1.1E�04 0 12 34 	251 225
0.5 	9.3E�03 0 12 25 	251 245 0.5 	1.2E�04 0 12 40 	251 233

Postcentral
0.1 	8.8E�03 0 12 40 	251 249 0.1 	1.1E�04 0 12 40 	251 235
0.3 	9.7E�03 0 12 40 	251 249 0.3 	1.1E�04 0 12 40 	251 249
0.5 	1.0E�04 0 12 40 	251 249 0.5 	9.8E�03 0 12 40 	251 249

Parietal
0.1 	8.9E�03 0 12 40 	229 249 0.1 	7.5E�03 0 12 40 	251 199
0.3 	9.4E�03 0 12 40 	251 249 0.3 	7.9E�03 0 12 38 	207 249
0.5 	9.2E�03 0 12 40 	251 249 0.5 	8.7E�03 0 12 40 	251 249

Increases in 	-SPL Relative to ITI

Ipsilateral grip t cluster characteristics Contralateral grip t cluster characteristics

Time, s 
t P value
Frequency
range, Hz

Lag
range, ms Time, s 
t P value

Frequency
range, Hz

Lag
range, ms

Frontal
0.1 0.0E�00 1 0.1 4.5E�02 0.048 28 33 	251 	195
0.3 1.0E�03 0.013 26 40 	125 	53 0.3 6.0E�02 0.027 28 35 	251 	197
0.5 5.1E�02 0.048 26 33 	121 	67 0.5 6.5E�02 0.03 29 36 	251 	207

Precentral
0.1 0.0E�00 1 0.1 0.0E�00 1
0.3 0.0E�00 1 0.3 0.0E�00 1
0.5 0.0E�00 1 0.5 0.0E�00 1

Postcentral
0.1 0.0E�00 1 0.1 0.0E�00 1
0.3 0.0E�00 1 0.3 0.0E�00 1
0.5 0.0E�00 1 0.5 0.0E�00 1

Parietal
0.1 2.1E�03 0.002 27 40 	147 249 0.1 0.0E�00 1
0.3 1.4E�03 0.005 27 40 	143 	13 0.3 5.0E�02 0.036 26 33 	145 	85
0.5 6.4E�02 0.027 28 40 	137 	99 0.5 0.0E�00 1

Changes in 	-SPL relative to ITI were assessed for each movement time point using cluster-based permutation testing, resulting in time-frequency clusters
of t-statistics that indicate significant changes in phase locking at given frequencies and lags. The total cluster t-statistic values (
t) and corresponding P values,
as well as ranges in frequency and lag, are shown for clusters representing decreases and increases in 	-SPL at 0.1, 0.3, and 0.5 s after movement onset relative
to ITI (these time points are indicated with dotted lines in Fig. 6). These statistics are shown separately for movements made with the ipsilateral and contralateral
hand and are segregated by anatomical region.
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ously reported 
AE-SPL to this region (Shimamoto et al.
2013). In addition, 
AE-SPL during the ITI was observed to
oscillations in the frontal (3 units; 3/9 subjects; 3/42 unit-
contact pairs), postcentral (10 units; 4/10 subjects; 16/112
unit-contact pairs), and parietal (6 units; 2/7 subjects; 9/53
unit-contact pairs) regions (Fig. 5, D–F). Similar to 	-SPL lag
times, 
AE-SPL appeared before STN spike firing [me-
dian � 	33 ms, IQR � (	174 14) ms; P � 0.004, sign test;
Fig. 5G]. Peak frequencies and lag times were not significantly
different between regions (Kruskal-Wallis test; lag times P �
0.28; frequencies P � 0.51). Overall, when all cortical regions
were taken into account during the ITI epoch, 	-SPL was
observed in 8/11 subjects, and 
AE-SPL was observed in 8/11
subjects, whereas both 	-SPL and 
AE-SPL were observed in
7/11 subjects. Moreover, in a subset of recordings (n � 25),
STN firing was phase-locked to both the beta oscillations and
the gamma envelope of the LFP in the same cortical contact. In
these cases, however, the phase-locking frequencies for 	-SPL
and 
AE-SPL were not correlated (Spearman � � 0.39, P �
0.06), suggesting that these two forms of phase-locking are
functionally distinct.

Contralateral movement modulates phase-locking of STN
neurons to cortical beta oscillations. Given that STN SPL to
motor cortex may be excessive in PD, we examined whether
this synchrony was maintained during movement. Contralat-
eral movement primarily suppressed low-beta SPL to all cor-
tical areas examined. We found that for STN neurons whose
firing was phase-locked to cortical beta oscillations during the
ITI (n � 108/377 unit-contact pairs with significant z-PLF
clusters), SPL was suppressed during movement of the con-
tralateral hand (group data for contacts in all 4 anatomical
regions is shown in Fig. 6, B and C); however, there were also
sparse increases in phase locking at several movement time
points, including 1,000 ms preceding movement to 500 ms
after movement onset. Thus, within the same movement epoch,
SPL increases and decreases relative to baseline occurred
simultaneously in the population of recorded units but were
characterized by different lag time-phase frequency clusters.
Notably, the decoupling of neuronal firing from beta oscilla-
tions began before movement onset, at a time corresponding to
cue presentation. The population of STN neurons whose phase-
locking to cortical beta oscillations during the ITI did not reach
significance (n � 275/377 unit-contact pairs without significant
z-PLF clusters) also showed a decrease in phase coupling
during movement. Suppression relative to ITI baseline during
the initial 500 ms after movement onset was significant for
contacts from each cortical region when examined separately;
however, increases in 	-SPL were significant only in frontal
and parietal contacts during this time frame (permutation
testing, P � 0.05; see Table 2).

Contralateral movement suppresses phase-locking of STN
neurons to the gamma envelope of cortical oscillations. 
AE-
SPL in motor cortex has been described at rest in patients with
PD (Shimamoto et al. 2013). We found that for neurons that
exhibited 
AE-SPL to beta oscillations during the ITI epoch
(n � 48/377 unit contact pairs with significant z-PLF clusters),
this synchrony was suppressed during contralateral movement
(Fig. 6, D and E). Given that gamma power in all cortical
regions examined was increased on the group level during
movement with the contralateral hand, we asked whether

AE-SPL was specifically suppressed in HFA contacts, de-

fined as showing the strongest significant broadband gamma
increase during movement (see Table 3). Indeed, in three units
whose firing showed significant 
AE-SPL to HFA contacts
during the ITI, this synchrony was suppressed during contralat-
eral movement, despite significant increases in cortical broad-
band gamma power.

Ipsilateral movement modulates 	-SPL and 
AE-SPL. STN
neuron phase-locking to cortical LFPs was also modulated
during movement of the hand ipsilateral to the recorded hemi-
sphere. For neurons whose firing was phase-locked to cortical
oscillations during the ITI, both 	-SPL and 
AE-SPL were
suppressed during ipsilateral movement (Fig. 6, F–L); how-
ever, there also was a selective increase in 	-SPL, in the
high-beta range (24–40 Hz), within 1,500 ms following move-
ment onset (Fig. 6H). Comparison of SPL between ipsilateral
and contralateral movement showed significantly stronger
	-SPL, but not 
AE-SPL, during ipsilateral movement in the
same time frame (Fig. 6, I and L).

Neurons with increased SPL during movement compared
with ITI. Despite a predominant reduction of phase-locking
during movement across the population of STN neurons re-
corded, a proportion of unit-contact pairs exhibited increased
phase-locking during movement relative to the ITI epoch or
became phase-locked only during movement. Figure 7, A–C
shows a representative unit recording with 	-SPL clusters
during ipsilateral grip, along with 
AE-SPL. Figure 7, D–F
shows a representative unit recording with 	-SPL clusters
during contralateral grip, along with 
AE-SPL.

Task-related activity of STN neurons does not predict cor-
tical phase synchronization. Sixteen of 35 units exhibited
changes in firing rate within the epoch examined around
movement onset. Responses to movement were categorized on
the basis of modulation of neuronal firing by movement onset
during responses ipsilateral and contralateral to the recording
site. Selective responses included increased firing following
contralateral movement onset (n � 1), increased firing follow-
ing ipsilateral movement onset (n � 1), decreased firing
following contralateral movement onset (n � 5), and decreased

Table 3. HFA contacts

Subject Side Region Peak HFA Epoch, s

1 Left Precentral 3
1 Right N/A N/A
2 Left Precentral 3
3 Left Frontal 2
4 Left Postcentral 3
4 Right Postcentral 3
5 Left Precentral 3
5 Right Parietal 3
6 Left Postcentral 3
7 Left Postcentral 3
7 Right N/A N/A
8 Left Postcentral 3
9 Left Precentral 3
9 Right Postcentral 3

10 Left Frontal 3
11 Left Precentral 3
11 Right Precentral 3

The presence of high-frequency activation (HFA) ECoG electrode contacts
was tested in each hemisphere, in each subject (see METHODS). The anatomical
region, as well as the time epoch relative to movement onset, is shown for each
HFA contact. N/A indicates that no contact met the criteria for HFA.
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firing following ipsilateral movement onset (n � 1). Nonse-
lective responses included increased firing following both ip-
silateral and contralateral movement onset (n � 7) and a
complex response involving both inhibition and excitation
bilaterally (n � 1). Examples are shown in Fig. 8. The neuronal
response category was not correlated with anatomic location
within the STN or any phase-locking characteristic. No firing
rate changes occurred before movement onset.

Movement-related changes in 	-SPL are independent of
spectral power and firing rate. Given that both ipsilateral and
contralateral grips were associated with a broadly distributed
suppression of beta power in cortex, we tested whether simul-
taneously measured suppression in 	-SPL was correlated with
power changes at the level of individual unit-contact pairs, as
well as with spike firing rate. This analysis revealed weak
linear and rank order correlations between changes in 	-SPL
and corresponding changes in low-beta power (ipsilateral
movement: Pearson � � 0.02, Spearman � � 0.09; contralat-
eral movement: Pearson � � 0.18, Spearman � � 0.17), high-
beta power (ipsilateral movement: Pearson � � 	0.11, Spear-
man � � 	0.09; contralateral movement: Pearson � � 0,
Spearman � � 	0.01), and firing rate (ipsilateral movement:
Pearson � � 0.05, Spearman � � 0.13; contralateral move-
ment: Pearson � � 0.04, Spearman � � 0.06) at each move-
ment time point relative to the ITI baseline (Table 4). These
data indicate that movement-related changes in 	-SPL are
independent of both spectral power and firing rate.

DISCUSSION

We sought to understand whether SPL between STN spikes
and M1 cortical oscillations in PD subjects, previously re-
ported at rest (Shimamoto et al. 2013), is 1) specific to M1 and
2) modulated during movement. We employed intracranial
recording techniques developed by Crowell et al. (2012), while
subjects performed a simple motor task, to show that 1)
STN-cortex SPL in PD is not specific to M1; 2) SPL is
modulated during contralateral movement, independently from
changes in oscillatory power; 3) both ipsilateral and contralat-
eral movement is associated with a suppression of SPL, with
selective increases in SPL to high-beta oscillations primarily
during ipsilateral movement; 4) in a subset of STN neurons,
increases in SPL are also associated with both contralateral and
ipsilateral movement; and 5) neuronal firing rate responses to
movement do not predict movement-related modulation of
SPL. These findings demonstrate a potential mechanism
through which information transfer occurs in the basal ganglia-
thalamocortical loop, involving changes in firing pattern rela-
tive to cortical network oscillations.

SPL is not specific to precentral gyrus. Given that the basal
ganglia process input from broad cortical regions, we assessed
SPL to regions outside of the precentral gyrus. 	-SPL to motor
cortex has previously been described in PD subjects at rest
(Shimamoto et al. 2013). It is important to note, however, that

whereas Shimamoto et al. used a functional designation of
primary motor cortex to describe this cortical region, the
localization of ECoG electrodes is primarily anatomical. Al-
though the reversal of somatosensory evoked potentials can be
used to localize ECoG recordings relative to the central sulcus
(Randazzo et al. 2016; Shimamoto et al. 2013), encoding of
motor and sensory information is not strictly segregated by this
anatomical feature (Desmurget and Sirigu 2015; Huber et al.
2012). Without definitive evidence to dissociate sensory and
motor encoding, we preferred to use anatomical designations
for electrode placements. Nonetheless, in this work we repli-
cate the results of Shimamoto et al. and further demonstrate
that STN neurons phase-lock to broad frontal and parietal
cortical areas during periods without movement. Our novel find-
ings that STN neurons participate in SPL with sensory regions is
important, because the gating of sensory inputs into other motor
areas is one mechanism through which the basal ganglia may
participate in motor control (Lidsky et al. 1985; Moore 1987).
Indeed, abnormal sensorimotor integration appears to be a key
feature in the pathogenesis of many movement disorders (Patel et
al. 2014). Given that the STN has also been proposed to play a
broad role in the “pausing” of behavior (Aron et al. 2016), it is
important to note that although we observed STN neurons that
exhibited SPL to premotor cortex, we never observed firing rate
modulation before movement onset.

The finding of a negative time lag [median 	32 ms, IQR
(	55 5) ms] associated with the phase synchronization sug-
gests that cortical rhythms may drive STN firing at rest.
Shimamoto et al. (2013) also observed a negative time lag,
characterized as onset of significant phase-locking (	103 ms),
and a peak lag time of 	18.5 ms that was not significantly
different from zero. Similarly, 
AE-SPL was found across the
cortical regions examined, extending the findings of Shi-
mamoto et al. Although the phase lag observed for 
AE-SPL
[median 	33 ms, IQR (	174 14) ms] was similar to that for
	-SPL, single neurons exhibiting both types of synchronization
often did not lock to the beta and gamma envelope at the same
frequency, suggesting that these two modes of oscillatory firing
represent distinct network mechanisms that may subserve dif-
ferent aspects of behavior. The 
AE-SPL phase lag was also in
agreement with the report of Shimamoto et al. (median onset of
107.1 ms before the spike time, median peak of 	48 ms).

We also evaluated whether lag times demonstrated cortical
location-specific differences that could be an indirect measure of
SPL mechanism. The lag time in our experiments did not signif-
icantly differ among neurons phase-locked to different cortical
areas. Although we do not have evidence of distinct mechanisms
underlying synchronization with different areas of cortex, our
sample size among different cortical areas was not great enough to
detect subtle differences in lag time. Although the hyperdirect
pathway to the STN represents a possible driving influence that
could synchronize subthalamic neuronal firing, the primate STN
has not been shown to receive direct input from somatosensory

Fig. 7. Examples of STN neuronal phase-locking. A–C: example of a neuron whose firing is phase-locked to parietal cortical oscillations at contralateral
movement onset. A: contralateral (red) and ipsilateral (blue) grip force traces. B: 	-SPL and 
AE-SPL clusters at each timepoint during contralateral grips. C:
	-SPL and 
AE-SPL clusters at each timepoint during ipsilateral grips. D–F: example of a neuron whose firing is phase-locked to frontal cortical oscillations
at ipsilateral movement onset. D: contralateral (red) and ipsilateral (blue) grip force traces. E: 	-SPL and 
AE-SPL clusters at each timepoint during contralateral
grips. F: 	-SPL and 
AE-SPL clusters at each timepoint during ipsilateral grips. Grip force plots show trial-averaged mean (solid or dashed line) and the extrema
(shaded region) of the grip force at each time point. Contra, contralateral; Ipsi, ipsilateral.
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cortex, which does project to the striatum (Künzle 1977; Flaherty
and Graybiel 1991). Alternatively, the spike-phase synchroniza-
tion could be maintained via indirect basal ganglia loops.

SPL suppression during contralateral movement occurs in-
dependently of oscillatory power changes. Application of grip
force with the hand contralateral to recording resulted in a
suppression of both 	-SPL and 
AE-SPL, on average, in the
population of STN neurons recorded. Importantly, changes in

	-SPL relative to ITI baseline were not correlated with the beta
power decrease across the movement time course, nor specif-
ically in the 500 ms following movement onset, arguing
against the possibility that the SPL data simply reflect the
underlying cortical oscillatory power dynamics. It is important
to note that the absence of a strong positive correlation does not
rule out a relationship between 	-SPL and oscillatory power in
a subset of the data; however, it shows our ability to measure

C
O

N
TR

A
 E

X
C

IT
 (C

+)
C

O
N

TR
A

 IN
H

IB
 (C

-)
B

IL
A

TE
R

A
L 

E
X

C
IT

 (I
C

+)
C

O
M

P
LE

X
 (C

O
M

)

-2 -1 0 1 2
time (s)

0

20

40

m
ea

n 
fir

in
g 

ra
te

 (
H

z)

-2 -1 0 1 2
time (s)

0

5

10

15

m
ea

n 
fir

in
g 

ra
te

 (
H

z)

-2 -1 0 1 2
time (s)

0

10

20

m
ea

n 
fir

in
g 

ra
te

 (
H

z)

-2 -1 0 1 2
time (s)

0

10

20

30

m
ea

n 
fir

in
g 

ra
te

 (
H

z)

IPSILATERAL
B

D

F

H

-2 -1 0 1 2
time (s)

0

20

40

m
ea

n 
fir

in
g 

ra
te

 (
H

z)

-2 -1 0 1 2
time (s)

0

5

10

15

m
ea

n 
fir

in
g 

ra
te

 (
H

z)

-2 -1 0 1 2
time (s)

0

10

20

m
ea

n 
fir

in
g 

ra
te

 (
H

z)

-2 -1 0 1 2
time (s)

0

10

20

30

m
ea

n 
fir

in
g 

ra
te

 (
H

z)

CONTRALATERAL
A

C

E

G

Fig. 8. Examples of task-related unit record-
ings in the STN during the grip task. Spike
rasters (top) and average firing histograms
(bottom) aligned on contralateral (A, C, E, G)
and ipsilateral (B, D, F, H) grip force onset
show examples of contralateral excitation (A,
B), contralateral inhibition (C, D), bilateral
excitation (E, F) and complex responses (G,
H). Red lines in average firing histograms
represent the 95% confidence intervals based
on the baseline distribution. Excit, excitation;
Inhib, inhibition.
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SPL independently of oscillatory power. Thus 	-SPL suppres-
sion appears to represent the uncoupling of STN neural firing
from cortical beta rhythms. Although movement is accompa-
nied by marked reductions in these cortical rhythms (Brittain
and Brown 2014; Kondylis et al. 2016; Miller et al. 2007), a
measurable beta-band oscillation remains in the cortex. In this
study, we find a population-level decrease in phase-locking to
this remaining beta oscillation.

SPL increase and phase-frequency shift is associated with
both contralateral and ipsilateral movement. One of the unique
advantages to single-unit recording studies is the insight gained
from understanding the heterogeneity of neuronal information
encoding. Thus, despite a network-level decrease in 	-SPL to
cortex within the STN, a distinct subpopulation of STN neu-
rons increased their phase-locking relative to the ITI baseline
during contralateral movement. Furthermore, the phase fre-
quency at which neuronal spiking became synchronized within
this subpopulation was increased during movement. This fre-
quency shift may represent a mechanism whereby information
processing within a specific neuronal functional group is seg-
regated from irrelevant information (Fries 2015). Furthermore,
the movement-related frequency shift appears to be driven
selectively by frontal and precentral, and not postcentral and
parietal, beta oscillations. The apparent functional distinction
between low- and high-beta oscillations is not well understood,
although the low-beta rhythm has been reported to have greater
baseline sensitivity to levodopa than the high-beta rhythm
(Foffani et al. 2005; Priori et al. 2004). We previously reported
the specificity of robust high-beta movement-related desyn-
chronization in subjects with PD (Kondylis et al. 2016), and it
is not known whether the observed phase-frequency shift in
this study would occur in subjects without PD.

In addition to SPL modulation by contralateral hand move-
ment, ipsilateral grip force application also resulted in net-
work-level suppression of 	-SPL and 
AE-SPL. Similar to
contralateral movement, however, a subpopulation of unit-
contact pairs showed a significant increase in phase-locking,
again suggesting the presence of functionally distinct net-
works. These ipsilateral movement signals may be mediated
via interhemispheric cortico-cortical projections or by cortico-
striatal projections (Flaherty and Graybiel 1991). These results
again highlight the complex heterogeneity of movement en-
coding within the STN; however, further work is necessary to
fully understand these networks.

Neuronal firing rate responses to movement do not predict
movement-related modulation of SPL. Phase-locking during
movement was not correlated with movement-related changes
in firing rate. SPL during the ITI epoch, as well as movement-
related changes in SPL, was independent of the firing-rate
movement-related responses of individual STN neurons. This
finding is in agreement with Shimamoto et al. (2013), who
found no difference in resting SPL between neurons exhibiting
responses to arm movement and leg movement as well as
nonresponders when examining the proportion of neurons
exhibiting M1 beta phase-locking at rest. Our data extend these
findings to SPL during movement, indicating that movement-
related information transfer can occur in the basal ganglia-
subthalamic loop through changes in the pattern of neuronal
firing, rather than the total discharge rate. Because no move-
ment-related firing rate changes occurred before movement
onset, the decoupling of neuronal firing from beta oscillations
that began before movement onset, at a time corresponding to
cue presentation, may reflect the cortical response to the cue.

Notably, these findings are based on data collected in pa-
tients with PD, and it is not possible to determine the extent to
which the dynamics of cortico-subthalamic coupling described
reflect normal basal ganglia function vs. a pathological state.
Evidence from the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) model of PD in nonhuman primates suggests that
the disease state involves a loss of selectivity in somatosensory
responses, or a broadening of receptive fields, in neurons of the
internal segment of the globus pallidus (GPi) (Bergman et al.
1994; Boraud et al. 2000; Leblois et al. 2006). Our finding of
STN neuron SPL to oscillatory activity in broadly distributed
cortical areas, therefore, may represent a pathological state,
with cortico-subthalamic coupling in healthy individuals in-
volving more focal cortical areas. In this study we did not have
the statistical power to examine the relationship between the
strength of SPL and symptom severity measured as UPDRS
motor scores; however, it is important to consider this relation-
ship in future work.

Conclusion. Simultaneous recording of single STN neurons
and sensorimotor LFPs in subjects undergoing DBS surgery
was used to characterize the dynamics of STN single-neuron
phase-locking to beta-band oscillations, and to the amplitude
envelope of gamma oscillations, during hand movement. We
found that STN SPL is not specific to M1 but is broadly
distributed from premotor to sensory cortex. Both 	-SPL and

AE-SPL are suppressed during movement in the population
of STN neurons as a whole; however, a subpopulation of STN
neurons becomes selectively phase-locked during movement.
These dynamic and heterogeneous interactions occurred inde-
pendently of event-related changes in STN firing rates and

Table 4. Changes in 	-SPL are independent of spectral power
and firing rate during movement

Pearson � P Value Spearman � P Value

All time points
Low-	 AW

Ipsi 0.02 9.42E-02 0.09 2.19E-18
Contra 0.18 0.00E�00 0.17 0.00E�00

High-	 AW
Ipsi 	0.11 2.18E-24 	0.09 1.87E-18
Contra 0.00 8.54E-01 	0.01 2.21E-01

Firing rate
Ipsi 0.05 3.79E-07 0.13 2.10E-32
Contra 0.04 4.03E-04 0.06 3.90E-08

Movement epoch
Low-	 AW

Ipsi 0.07 2.48E-02 0.14 1.08E-05
Contra 0.12 1.42E-04 0.16 1.99E-07

High-	 AW
Ipsi 	0.13 4.80E-05 	0.15 2.64E-06
Contra 0.03 3.84E-01 0.01 8.37E-01

Firing rate
Ipsi 0.09 3.38E-03 0.21 1.14E-11
Contra 	0.07 2.74E-02 	0.01 7.61E-01

Relationships between changes in 	-SPL and corresponding changes in
low-beta power (Low-	), high-beta power (High-	), and firing rate are
summarized at each movement time point (all time points) and the movement
epoch (100 to 500 ms following movement onset) relative to the ITI baseline.
Oscillatory power is quantified as activation weight (AW). Contra, contralat-
eral; Ipsi, ipsilateral.
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cortical beta-band power, highlighting limitations of existing
firing rate-based models of basal ganglia function. Thus our
findings demonstrate the encoding of movement by networks
of STN neurons via dynamic phase synchronization with pre-
motor, motor, and sensory cortices, but further work is needed
to understand the role of these interactions in normal and
PD-associated basal ganglia function.
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