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Cognitive Factors Modulate Activity within the Human
Subthalamic Nucleus during Voluntary Movement in
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Movement is accompanied by changes in the degree to which neurons in corticobasal ganglia loops synchronize their activity within
discrete frequency ranges. Although two principal frequency bands— beta (15-30 Hz) and gamma (60 -90 Hz)— have been implicated in
motor control, the precise functional correlates of their activities remain unclear. Local field potential (LFP) recordings in humans with
Parkinson’s disease undergoing surgery for deep brain stimulation to the subthalamic nucleus (STN) indicate that spectral changes both
anticipate movement and occur perimovement. The extent to which such changes are modulated by cognitive factors involved in making
acorrect response seems critical in characterizing the functional associations of these oscillations. Accordingly, by recording LFP activity
from the STN in parkinsonian patients, we demonstrate that perimovement beta and gamma reactivity is modulated by task complexity
in a dopamine-dependent manner, despite the dynamics of the movement remaining unchanged. In contrast, spectral changes occurring
inanticipation of future movement were limited to the beta band and, although modulated by dopaminergic therapy, were not modulated
by task complexity. Our findings suggest two dopamine-dependent processes indexed by spectral changes in the STN: (1) an anticipatory
activity reflected in the beta band that signals the likelihood of future action but does not proactively change with the cognitive demands
of the potential response, and (2) perimovement activity that involves reciprocal beta and gamma band changes and is not exclusively
related to explicit motor processing. Rather perimovement activity can also vary with, and may reflect, the cognitive complexity of the

task.

Introduction

Synchronized oscillations in the beta and gamma frequency
bands are thought to play a role in motor control in corticobasal
ganglia motor loops (Brown, 2006). The opportunity to record
such activity in humans sometimes arises in patients with Parkin-
son’s disease undergoing surgery for therapeutic deep brain stim-
ulation (DBS), where the commonest target is the subthalamic
nucleus (STN; Ponce and Lozano, 2010). STN local field poten-
tial (LFP) activity in the beta band is suppressed for several sec-
onds before self-paced voluntary movement and following cues
salient to forthcoming movement (Williams et al., 2003; Alegre et
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al., 2005; Androulidakis et al., 2008; Oswal et al., 2012). However,
the extent to which such anticipatory changes in beta activity are
modulated by contextual factors, like reward, and by the need to
resource more challenging responses remains unclear. Moreover,
beta activity in the STN is further suppressed around the time of
movement, suggesting that it might not only relate to anticipa-
tory processes but also to the processing of movement (Brown,
2006; Hammond et al., 2007). In addition, reciprocal increases in
gamma band synchronization are seen in the STN during this
perimovement period and have likewise been related to the pro-
cessing of movement (Cassidy et al., 2002; Williams et al., 2002;
Alegre et al., 2005; Foffani et al., 2005; Fogelson et al., 2005;
Alonso-Frech et al., 2006; Devos et al., 2006; Trottenberg et al.,
2006; Androulidakis et al., 2008). Although it is unclear what
features are encoded by these reciprocal changes, one possibility
is that perimovement spectral changes in the STN, particularly
those in the gamma band, encode response force or, related to
this, movement speed (Anzak et al., 2012; Briicke et al., 2012,
2013; Joundi et al., 2012; Tan et al., 2013a). This would place
perimovement spectral changes in the STN at the executive end
of processing and disassociate them from any link to the repre-
sentation of action values thought to be important elsewhere in
the basal ganglia (Samejima et al., 2005). Alternatively, they may
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Table 1. Clinical characteristics of the patients recorded
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Age (years) Disease dura- Unified Parkinson’s Disease Daily medication First recording (days Test dose
(ase and sex tion (years) Rating Scale Il off/on drug (mg) postoperation) Order of recordings levodopa (mg)
1 51M 13 48/32 LDE 900 2 On 1/off 2 200
2 26M 10 40/15 LDE 400 2 On 1/off 2 100
3 53M 15 48/18 LDE 1300 2 On 1/0ff2 100
4 62M 9 28/5 LDE 2500 3 0ff 1/on 2 200
5 56 M 15 31/9 LDE750 6 On 1/off 2 100
6 53M 8 16/9 LDE 1100 5 0ff 1/on 2 100
7 59F 16 26/9 LDE 1150 3 0ff 1/on 2; only on used 200
0ff 1/on 2, but unable to
perform task off due
8 51M 19 40/7 LDE 1850 4 to severe tremor 100
0ff 1/on 2, but unable to
perform task off due
9 49F 10 41/8 LDE 900 4 to severe tremor 100

LDE, Levodopa dose equivalent.

relate to higher-order phenomena, such as the cognitive or motor
effort to be exerted in an action that is then organized elsewhere
(Mazzoni et al., 2007; Niv and Rivlin-Etzion, 2007; Salamone et
al., 2009; Turner and Desmurget, 2010). Again, the extent to
which perimovement spectral changes in the STN are modulated
by contextual factors, such as potential reward, and by task com-
plexity would seem to be critical information in characterizing
the functional associations of these oscillations. Specifically,
modulation by these contextual factors might help disambiguate
whether cognitive demands, and not just force, might be encoded
by perimovement spectral changes in the STN.

Here we explore the modulation of both anticipatory and pe-
rimovement spectral changes in the STN by potential reward and
task complexity, while also considering whether dopaminergic
state is an important factor in any such modulation. Task com-
plexity was isolated from movement dynamics (which remained
similar) through the performance of movements in which the
spatial mapping between the cued limb and the limb required to
be moved was either compatible or incompatible.

Materials and Methods

Nine patients (seven male and two female) with idiopathic Parkinson’s
disease who underwent implantation of DBS electrodes in the STN at two
surgical centers participated in the study. All procedures were approved
by the local ethics committees at the two surgical centers. The clinical
characteristics of the patients are shown in Table 1. Each was implanted
bilaterally for the treatment of their Parkinson’s disease. All patients gave
informed written consent to participate in the study, which was approved
by the local ethics committees. The DBS electrode used was model 3389
(Medtronic Neurological Division) with four platinum—iridium cylin-
drical surfaces (1.27 mm diameter and 1.5 mm length) and a contact-to-
contact separation of 0.5 mm. Contact 0 was the most caudal and contact
3 was the most rostral. Electrode implantation was performed according
to the standard procedures of each surgical center. The intended coordi-
nates for STN were 12 mm lateral from the midline, 3 mm behind the
midcommissural point, and ~4 mm below the anterior commissure—
posterior commissure line. Adjustments to the intended surgical coordi-
nates were made according to the direct visualization of STN on
individual preoperative stereotactic T2-weighted magnetic resonance
imaging (MRI), intraoperative stimulation, and, in all but one case, in-
traoperative microelectrode recordings. Postoperative MRI was per-
formed in all patients to confirm targeting and suggested that at least one
contact was within the STN. None of the patients had any surgical com-
plications, postoperative confusion, or severe motor impairment that
precluded understanding or performance of the test, at least while on
medication.

Paradigm. We developed a paradigm that separated the processing of
information relating to the warning of the reward or complexity of an
upcoming task from the processing of the specific motor response. This
was achieved by presenting a warning cue that signaled whether an up-
coming stimulus—response pairing was either compatible or incompati-
ble (signaled by a gold or gray arrow, respectively) and also whether
correct subsequent motor performance was to be highly or lowly re-
warded (signaled by a gold or gray coin; Fig. 1). Consequently there were
four different types of warning cue, each corresponding to a different trial
condition, which was presented with equal probability. The warning cue
was followed by an imperative cue, which comprised a schematic of the
body with a single segment highlighted in red (right hand, left hand, right
foot, or left foot with equal probability). Temporal expectancy of the
imperative cue was limited by pseudorandomization of the intercue in-
terval. A fixed reward of €12 or £10 per drug session was given on com-
pletion of the whole experiment, although subjects were told at the outset
of the experiment that reward depended in an undisclosed manner on
performance during the recordings. This subterfuge that reward was not
in the end scaled to performance was to avoid discriminating between
patients according to disease severity or ability and was agreed by the
local ethics committee. Accordingly, patients were not given trial-to-trial
feedback on the level of award accrued, although this may have under-
mined the impact of reward blocks.

Crucially the required movement was dependent both on the cued
limb and on the information about task complexity in the initial warning
cue. In the case of the warning cue indicating an upcoming task of low
complexity, imperative stimulus and response were compatible and sub-
jects were instructed to move the cued limb. However, in the case of the
warning cue indicating an upcoming task of high complexity, subjects
were instructed to move the diagonally opposite limb. Thus the subse-
quent imperative cue and response were incompatible. In this way, the
correct execution of the two stimulus—response compatibility conditions
necessitated direct and indirect visuomotor transformations, respec-
tively. If the required movement was a hand movement, subjects were
required to make a button press with the index finger of the correspond-
ing hand, while in the case of foot movements, subjects were asked to
dorsiflex the ankle joint. Consequently, for each of the two levels of task
complexity, the final movements of each limb would be similar across the
blocks (although the response times might differ). Thus, the cognitive
processes required in the low-complexity and high-complexity trials dif-
fered due to their contrasting stimulus—response compatibilities, despite
the effect that on average movements did not differ across blocks.

The experiment began with some demonstration trials in which the
intended movements were shown to the patient while they were seated
comfortably in a chair. Subjects were instructed to concentrate on accu-
racy and speed before the start of the blocks. The experiment was per-
formed in up to four blocks in each medication (on/off) condition (each
block containing six trials of each type in pseudorandomized order).
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Schematic of a typical trial: a warning cue with an arrow and coin signaled the complexity and reward of an upcoming trial. The presentation of a gold or gray arrow instructed high or

low trial complexity, while the presentation of a gold or gray coin signaled high or low reward, respectively. Patients were instructed to move the highlighted body segment only when the warning
cue signaled low trial complexity. In the case of a warning cue signaling high trial complexity, patients were instructed to move the limb diagonally opposite to the limb highlighted in red. For
example, in high-complexity trials, if the left arm was highlighted, the correct response would be to move the right leg.

Table 2. Number of correctly performed trials recorded from each patient in each of the four different conditions on and off levodopa”

0On medication 0ff medication

(ase HRLC LRLC HRHC LRHC HRLC LRLC HRHC LRHC
1 22 (24) 22 (24) 24 (24) 22 (24) 21(24) 23(24) 24 (24) 20 (24)
2 20 (24) 23 (24) 20 (24) 19 (24) 14 (24) 19 (24) 18 (24) 18 (24)
3 24 (24) 24(24) 24 (24) 20 (24) 15 (18) 16 (18) 16 (18) 15(18)
4 12 (18) 12 (18) 11(18) 12 (18) 15 (18) 18 (18) 16 (18) 18 (18)
5 24 (24) 20 (24) 24 (24) 24 ( 10 (18) 8(18) 8(18) 6(18)
6 20 (24) 19 (24) 19 (24) 20 (24) 24 (24) 24 (24) 24 (24) 24 (24)
7 18 (24) 18 (24) 18 (24) 20 (24) — — — —
8 24(24) 22 (24) 23 (24) 23 (24) — — — —

8(12) 8(12) 12(12) 3"(12) — — — —

“Figures in parentheses indicate total number of trials recorded from each patient and each condition.

bCondition rejected because the proportion of correctly performed trials (< 25%) corresponded to randomly chosen movement.
HRLC, High reward and low complexity; LRLC, low reward and low complexity; HRHC, high reward and high complexity; LRHC, low reward and high complexity.

Blocks lasted 4 min, and were followed by 1-2 min rest. Each block
consisted of 24 trials. The majority of patients were able to perform all
four blocks. However, some were only able to perform two or three
blocks, giving a total number of 12-24 trials per condition. Each trial
started with the presentation of a fixation cross at the center of a PC
screen (Fig. 1), followed 2.5-5.2 s later by a warning cue of fixed duration
(2's). The onset of the warning cue was followed by a period of 3—4.5 s,
before the imperative cue of a body schema, which was presented for
3.5 s. This was followed by a blank screen for 1 s, before the next trial
began with reappearance of the fixation cross. The fixation cross, warn-
ing, and imperative cues were centered around the middle of the screen
so as to limit confounding eye movements. The total duration of the
recordings made on and off medication was ~1 h.

Patients were kept under constant visual inspection by the researcher
and error trials noted. Error trials consisted of the patient moving the

wrong body part. We excluded these trials from subsequent analysis, as
we could not be sure of whether the subject had attended to either the
warning cue or the imperative cue. The number of trials accepted for each
subject and condition is shown in Table 2. Furthermore, we deleted
blocks of trials with less than a number of trials corresponding to a
random choice probability (25%) of moving the four body limbs.
Recordings. Patients were studied 2— 6 d postoperatively, in the interval
between electrode implantation and subsequent connection to a subcu-
taneous stimulator. Of these, four patients were first assessed on medi-
cation and then off medication on the following day, and the other five
were assessed first off then on medication. However, only six of the
patients were able to perform/complete the task off medication. Off-
medication recordings were performed after overnight withdrawal of
antiparkinsonian medication (Table 1). On-medication recordings were
performed 1 h after the usual morning dose of antiparkinsonian medi-
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cation or levodopa (100 mg), whichever was higher, and were achieved in
all subjects.

Surface EMG was recorded from tibialis anterior bilaterally in each
patient. LFPs, EMG and analog signals related to the cues, and button
presses were recorded using a D360 amplifier (Digitimer) in combina-
tion with a 1401 analog-to-digital converter (Cambridge Electronic
Design) and sampled onto a computer using Spike2 V6 software (Cam-
bridge Electronic Design). LFP activity was recorded bipolarly from the
four contacts (01, 12, and 23, in which contact pair 01 was the most
caudal) of each DBS electrode targeting the STN, amplified (50,000X),
filtered (1.0—1000 Hz), and sampled at a common rate of 5000 Hz. EMGs
were amplified (1000X) and filtered (10-1000 Hz), before being sam-
pled at the above rate.

Spectral analysis. The data were analyzed in Matlab (Mathworks) for
subsequent analysis using custom scripts and the FieldTrip (http://www.
ru.nl/neuroimaging/fieldtrip/) and SPM8 (http://www.fil.ion.ucl.ac.
uk/spm/) toolboxes (Litvak et al., 2011; Oostenveld et al., 2011). EMGs
were high-pass filtered at 10 Hz and the absolute value of the Hilbert
transform of the resulting signal was taken (Kilner et al., 2000; Schoffelen
etal., 2011), before smoothing with a 1 s boxcar function. The resulting
signal was standardized by z transformation and movement onset was
defined as the point at which the z score exceeded 0.5 (http:/fieldtrip.
fcdonders.nl/example/detect_the_muscle_activity_in_an_emg channel
and_use_that_as_trial_definition). This z threshold was used for all
subjects and was visually confirmed to correspond to the onset of EMG
activity for all trials. The time of onset of movement in the upper limb
was determined by the timing of button presses. Data were epoched into
trials, excluding trials with errors. Subsequently, the average LFP signal
over all correct trials was removed from the LFP signal of each individual
trial to generate the induced response. Spectral analysis was performed
using the multitaper method for each bipolar electrode pair for all sub-
jects (Thomson, 1982). The resulting spectra were averaged across all the
contact pairs in a given electrode that had =1 contact in the STN as
independently assessed by an experienced neurosurgeon or neurologist
specializing in DBS who was blinded to the electrophysiological data.
Contact classification was performed from perioperative MRI imaging,
as detailed above.

Spectral analysis was performed for each trial of each of the four con-
ditions, on and off medication in each subject. We analyzed spectra in
overlapping windows of 400 ms, shifted by 50 ms. The frequency resolu-
tion was set to the inverse of the time window (2.5 Hz) for up to 25 Hz,
then 0.1 times the frequency for 25-50 Hz and then to a constant 5 Hz
resolution. These settings resulted in a single taper being used for 2.5-30
Hz, two tapers for 32.5-42.5 Hz, and three tapers for =45 Hz. The
resulting time—frequency images had no discontinuities thanks to the
continuous frequency resolution function.

The trial power data were first normalized to a baseline (—0.8-0 s)
before the warning cue to obtain percentage changes, before averaging
using robust averaging (regardless of the body part highlighted by the
imperative cue). This was performed for each subject across the different
conditions (=8 in total, as documented in Table 2, and drawn from =4
blocks of trials on and =4 blocks off medication). The benefits of robust
averaging for increasing the signal-to-noise ratio in data with low trial
numbers have been previously demonstrated (Litvak et al., 2012; Oswal
et al,, 2013). In essence, robust averaging is a special case of the robust
general linear model (Wager et al., 2005). The idea is that for each time—
frequency bin, the distribution of values over trials is considered and
outliers are down-weighted when computing the average, thereby afford-
ing improved immunity to high-power artifacts.

Statistics. We first compared response times of subjects in the eight
conditions. For statistical analysis we analyzed reciprocal response times,
since they are known to have an approximate normal distribution, hence
facilitating parametric statistical testing procedures (Carpenter and Wil-
liams, 1995). Reciprocal response times were then averaged for each
condition in each subject. We were not interested in response time dif-
ferences between hand and leg movements, in part because our recording
techniques would have obfuscated such a difference, but principally be-
cause this factor was balanced across all blocks. Accordingly we averaged
across movement types and performed a 2 X 2 X 2 repeated-measures
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ANOVA, with factors as described below. Error rates for the different
conditions were also analyzed in the same way. For the behavioral anal-
ysis, an F statistic corresponding to a p value of <0.05 was taken as a
threshold for significance.

To make inferences about the spectral responses and effects of task and
drug, we used Statistical Parametric Mapping (as implemented in
SPMS8). This treats the time—frequency matrices as images and allows the
identification of regions of time—frequency space showing significant
effects over subjects, while controlling for the implicit multiple compar-
isons using random field theory (Kilner et al., 2005).

The results of time—frequency analysis were exported to Neuroimag-
ing Informatics Technology Initiative format and smoothed with a
Gaussian smoothing kernel with full width at half maximum of 5 Hz by
500 ms for frequencies 0—100 Hz. All the reported findings are significant
with familywise error (FWE) correction at the cluster level (p < 0.01
corrected, cluster-forming threshold p < 0.01 uncorrected). Significant
features of the mean responses were determined by subjecting mean
power images across conditions to a single-sample # test across subjects.
Before testing for the effect of experimental conditions, we used a paired
t test to confirm that there was no main effect of laterality of movement
(ipsilateral vs contralateral) on induced STN spectra. To test for the
effects of experimental conditions, we performed repeated-measures
ANOVA, treating the experiment asa 2 X 2 X 2 factorial design with the
factors “reward” (high vs low), “task complexity” (high vs low), and
“drug” (on medication vs off medication). Using this repeated-measures
design in SPM, which allows for unbalanced designs (e.g., more on-
medication than off-medication recordings; Penny and Friston, 2003),
we specified t contrasts to test for times at which significant differences
occurred using paired ¢ tests. Using the f contrasts in SPM we were able to
test for the direction of significance. For example, by taking the main
effect of drug, we could test whether being off medication produced
significantly less desynchronization than being on medication or vice
versa.

We independently analyzed the spectra aligned to the onset of the
warning cue, the imperative cue, and movement onset. In addition to
modeling subject-specific dependencies in the recordings from the two
hemispheres, we included the side as an additional categorical variable
for each subject to account for potential differences between recordings
from the right and left STNs.

As we were primarily interested in interpreting the significance of
premovement spectral changes, an important consideration in our anal-
ysis was determining the temporal resolution of the spectral changes
observed. Specifically, uncertainty in temporal estimates could be intro-
duced by both the windowing of spectral estimation and by subsequent
smoothing before statistical analysis. To further characterize the magni-
tude of temporal smoothing, we generated simulated data for spectral
estimation, smoothing, and statistical analysis. Data from each subject
were bandpass filtered in the beta (15-35 Hz) and gamma (60-90 Hz)
bands and normalized by z transformation. A step increase in gamma
amplitude of 40% and a step decrease in beta amplitude of 40% were
introduced at a known time, lasting for 0.5 s. The resulting time series
were summed and added to Gaussian random white noise to create a
simulated LFP for each subject before spectral estimation and smoothing
using the parameters described above. Statistical analysis was performed
by subjecting the simulated data across all subjects to a one sample ¢ test
and testing for positive and negative effects. These simulations suggested
that spectral changes in the gamma band might be shifted to the left by
~150 ms through windowing for spectral estimation and subsequent
smoothing and by less than this in the beta band (Fig. 2).

Analysis of the EMG amplitude time series centered to movement
onset (see spectral analysis for details of thresholding procedure) was also
performed using the SPM pipeline with cluster level correction as de-
scribed above to ensure that the muscle activations and their temporal
profiles were similar for simple and complex movements. In this case,
however, given that the amplitudes are vectors, the images had only a
time dimension.
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Figure 2.  Mean plots of simulated data for all subjects. A step increase and decrease in

gamma and beta amplitudes of 40% respectively was simulated at 0 s lasting for 0.5 s. The
resulting spectra were added to Gaussian random white noise. Power was determined relative
to a 0.8 s baseline between —1.4 and —0.6 s. Each subject’s image was smoothed with a 5
Hz XX 500 ms Gaussian kernel, before averaging. 4, Spectra of the resulting time series averaged
across all subjects. B, Significant positive (light gray) and negative (dark gray) clusters of the
mean responses in the gamma and beta bands, respectively. The vertical line at —150 ms
indicates that statistical changes in the gamma band can be seen as early as this despite the fact
that power modulations were only introduced at 0 s.

Results

Behavioral results

Bar charts of response latencies, averaged across subjects for the
four different conditions off and on levodopa are shown in Figure
3A. Repeated-measures ANOVA revealed a main effect of medi-
cation, such that response times were faster on medication than
off medication. Furthermore, there was a main effect of task com-
plexity, with response times slower in low compared with high
task-complexity trials. There was also an interaction between task
complexity and medication, such that the shortening of response
times in high task-complexity trials was more marked on medi-
cation than off medication (Table 3). Importantly there was no
main effect of reward, or interaction of reward with any of the
other factors. As it has been previously reported that STN neuro-
nal activity may be preferentially modulated when switching
from automatic to controlled movements (Isoda and Hikosaka,
2008), we investigated this in a further one-way ANOVA. Here
we tested whether for high task-complexity trials there was an
effect of task complexity in the preceding trial (high preceding
complexity vs low preceding complexity). Our ANOVA did not
reveal significant effects (F(, g) = 3.4, p = 0.10).

Of course, reward and task complexity could potentially influ-
ence muscle responses as well as response latencies. We were able to
explore this further in the lower limbs where movements were re-
corded with EMG (rather than button press). Here, a separate
repeated-measures ANOVA of the Hilbert filtered amplitudes of
high-pass filtered (10 Hz) EMG traces with factors medication, task
complexity, and reward revealed no main effects or interactions (Ta-
ble 3). Lower-limb EMG profiles averaged across both medication
states in all subjects are shown separately for the core comparison of
low versus high task-complexity trials in Figure 3B.

Analysis of error rates revealed no significant main effects or
interactions of medication, reward, or task complexity (Table 3).
The mean error rate across subjects was 16.2% with a corre-
sponding SE of 2.1%.
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STN LFPs

In Figure 4, we display spectra averaged across the limbs for the
eight different conditions aligned to the onset of the warning cue
(Fig. 4A), to the onset of the imperative cue (Fig. 4B), and to the
onset of movement (Fig. 4C). Common to the plots is a charac-
teristic beta band desynchronization (13-30 Hz) and a gamma
band synchronization (60—90 Hz) associated with movement.
Movement is followed by an increase in beta power. The corre-
spondingly aligned beta and gamma band time series were sepa-
rately extracted for visualization in Figures 5 and 6, respectively.

Figures 7 and 8 show time—frequency clusters of significant
statistical effects separately for data aligned to the warning cue
and movement onset, respectively. In each figure, the top panel
displays clusters where there was a positive effect (i.e., a power
increase) of the tested main effect or interaction and the bottom
panel shows clusters where there was a negative effect (i.e., a
power decrease) of the tested main effect or interaction. Corre-
sponding statistical values are provided in Table 3. In Figure 7A,
the mean effect across all conditions reveals an early event-related
synchronization in low frequencies (<10 Hz) around the time of
presentation of the warning cue. In addition, episodically signif-
icant beta band suppression is evident from 0.5 s and covers the
period up to and beyond presentation of the imperative cue.
There are also late mean effects, main effects of medication and
task complexity, and an interaction between medication and task
complexity starting at ~4 s and predominantly involving the beta
and gamma frequency bands (Fig. 7A-D). From this figure alone
it is impossible to disambiguate whether delayed effects relate to
presentation of the imperative cue and preparation of the motor
response or whether they reflect differences in reafferance follow-
ing motor onset. Time—frequency clusters of significant statistical
effects for data aligned to imperative cue presentation demon-
strated that these late effects followed imperative cue onset, but
still did not clarify whether they preceded the motor response
(data not shown).

Realignment to movement onset, however, was more infor-
mative (Fig. 8). Mean effects show an increase in gamma and
low-frequency (<10 Hz) power and a concomitant reduction in
beta power starting before movement (Fig. 8A). Moreover, the
gamma power is particularly increased with increased task com-
plexity, starting just before movement, while the beta power is
particularly decreased with increased task complexity before
movement (Fig. 8C). Dopamine has an additional effect of sup-
porting the reciprocal gamma and beta power changes in the
perimovement period (Fig. 8B). Finally, there are interactions
between medication and task complexity in the gamma band and
in the a/low-beta bands around movement onset and before
movement onset, respectively (Fig. 8D). In the case of the signif-
icant negative effect shown in Figure 8D, it was not clear looking
at the spectra (Fig. 4C) whether this was solely the result of there
being greater a/low-beta desynchronization in the high task-
complexity trials on medication. We confirmed that this was the
case by specifying ¢ contrasts to compare each of four task-
complexity and medication conditions and showing that only the
high task complexity in the on-medication condition was signif-
icantly different to any of the others. There was no main effect of
reward, nor was there an interaction of reward with any other
factor, in line with the behavioral data. Furthermore, as for the
behavioral data, an ANOVA for high-complexity trials with pre-
ceding trial complexity as a factor revealed no significant effects
(minimum cluster level FWE corrected p = 0.19; peak ¢ statistic,
4.51). Additionally there was no significant effect of movement
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Table 3. Summary of the statistical results for both behavioral and spectral data”

Imperative cue aligned spectra,
{19 (cluster-forming t threshold,

Warning cue aligned spectra,
{9y (cluster-forming ¢ threshold,

EMG profile aligned to
movement onset, tq,, (cluster-

Reaction times, F; 5,  Errorrates, F; 55 237) 2.36) forming  threshold, 2.36)
Mean effect — — Positive: p << 0.01,t = 7.66; Positive: p < 0.01,t = 11.8; Positive: p < 0.01,t = 11.89;
negative: p < 0.01,¢ = 6.28 negative: p < 0.01,t = 8.87 negative’
Main effect medication F=597,p=002 F=098,p=033 Positive:p <0.01,t = 4.29; Positive: p < 0.01,t = 6.01;
negative:p < 0.01,¢t = 5.83 negative: p < 0.01,t =5.73
Main effect complexity F=1736,p<001  F=10.06,p=0.80 Positive:p <0.01,t=15.23; Positive: p < 0.01,t = 5.05; b
negative: p < 0.01,t = 4.68 negative: p = 0.05, t = 4.44
Main effect reward F=011,p=075 F=0.01,p=1092 Positive:p = 0.32, t = 4.49; Positive: p = 0.62, t = 3.38; b
negative:p = 0.40, t = 4.25 negative:p = 0.12,t = 3.65
Interaction complexity X medication F=5.97,p < 0.01 F=0.11,p=0.74 Positive:p < 0.01,t = 4.62; Positive: p = 0.02, t = 4.98; b
negative: p = 0.02, t = 4.58 negative:p = 0.34,t = 3.24
Interaction complexity X reward F=021,p=065  F=042,p=052 Positive:p = 0.07,t = 5.09; Positive: p = 0.19,t = 4.16; Positive: p = 0.07, t = 2.70;
negative: p = 0.09, t = 3.86 negative: p = 0.27,t = 4.01 negative’
Interaction medication X reward F=025p=062 F=019,p=0.66 Positive:p = 0.20,t =3.78; Positive: p = 0.97,t = 3.61; b
negative:p = 0.27,t = 3.50 negative:p = 0.32,t = 4.23
Interaction medication X reward X  F=10.02,p =089  F=0.28,p=0.60 Positive:p = 0.56,t = 3.21; Positive: p = 0.4, t = 3.38; b

complexity

negative:p = 0.32, t = 4.09

negative: p = 0.52,t = 3.49

“In the case of spectral and EMG data, the cluster with the lowest FWE corrected p value is reported, along with the peak  value within the cluster. The statistics for each spectral test are shown representing t contrasts testing for significant

positive and negative changes in power (see Materials and Methods).
®No t values exceeding the initial uncorrected cluster-forming threshold.

laterality on induced spectra (minimum cluster level FWE cor-
rected p = 0.12; peak ¢ statistic, 4.03).

The vertical gray lines in Figure 8 at —300 ms provide a con-
servative estimate of the uncertainty in the timing of movement
onset and spectral change. Simulations suggested that spectral
changes in the gamma band might be shifted to the left by ~150
ms through windowing for spectral estimation and subsequent
smoothing (and by less than this in the beta band; Fig. 2). To this
we allowed for a further 150 ms leftward shift to accommodate
the upper-limb records where movement onset was determined
from the instant of button depression rather than from EMG.
Despite these allowances, mean effects, the main effects of stimu-
lus-response compatibility, and the a/low-beta band interaction
between stimulus-response compatibility and medication still
precede movement onset (Fig. 8). Thus these changes could not

be ascribed to differences in afferent feedback once movement
had started. Moreover, broadly similar gamma changes were ev-
ident before and during movement, when only spectra accompa-
nying lower-limb movements were considered (Fig. 9). In the
latter case, EMG was more likely to capture the very onset of the
motor response and also confirmed that there was no difference
in the EMG amplitude of the response between low and high
task-complexity trials (Fig. 3B). Spectra accompanying lower-
limb movements only captured a main effect of task complex-
ity in the form of a reduction in beta activity ~5 s before
movement onset (Fig. 9D). This was rather different to the
task-complexity effect in the beta band evident in spectra
compiled from upper-limb and lower-limb trials (Fig. 8C,
bottom), and may reflect the lower number of trials when only
the lower limb was considered.
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Figure4. A-C Time—frequency plots, averaged across upper and lower limbs and all subjects, of the induced responses aligned to the onset of the warning cue (A), the imperative cue (B), and
movement onset (C) for the four different reward and trial-complexity conditions. Induced responses on and off levodopa are shown in the upper and lower halves respectively of A-C. Power was
computed relative to a 0.8 s period before the appearance of the warning cue (see Materials and Methods) for all conditions. The main features to note are discussed in Results.

Discussion

We recorded STN LFPs to warning cues that indicated the reward
and task complexity associated with an upcoming motor task. We
used a paradigm where subjects were informed about these fea-
tures before being told about the specific response that had to be
performed. For reasons to be discussed later, reward level had no
behavioral effect in the current paradigm, so we will focus discus-
sion on the effects of task complexity, which did affect response
time. In this regard, our core findings can be divided in two. As
previously reported (Oswal et al., 2012), there is a task-related
suppression of STN beta power when the parameters of the
movement cannot be prepared in anticipation. Here we show
that this effect was not modulated by prior warning of the forth-
coming task complexity. This is consistent with current theories
positing a specific role for beta desynchronization in signaling the
likelihood of an upcoming action (Tzagarakis et al., 2010; Jenkin-
son and Brown, 2011), but suggests that this type of premove-
ment beta band response does not substantially change with
anticipated task demands.

In contrast, task complexity did affect processing in the STN,
as evidenced by the LFP, once movement selection and prepara-
tion were possible. Critically, the effect of task complexity on LFP
spectra started before movement onset. In addition, movements
were, on average, the same in low and high task-complexity trials,
except for response time, which was corrected for by realignment
of LFP data to movement onset in the relevant analysis (Fig. 8).
These two observations suggest that differences in programming

of motor dynamics and peripheral reafferance are unlikely to
explain the task-complexity effects.

The contrasting of the two tasks does, however, expose several
different processes of interest. First, the character of the warning
cue changed between blocks from a direct cue, instructing a
forthcoming simple stimulus-response mapping, to a symbolic
cue that provided abstract information about the need for stimu-
lus-response remapping. However, differences in processing
entailed by direct and symbolic cues would have been expected
to follow these warning cues, as previously demonstrated
(Yamagata et al., 2009), and yet at this point there was no effect of
task complexity on the LFP nor interaction between task com-
plexity and medication. Second, the symbolic cue might demand
a proactive behavioral switching in which more automatic stimu-
lus—response associations have to be replaced by a more con-
trolled behavior necessary to accomplish the stimulus-response
remapping. Direct recordings of neuronal activity in the STN of
healthy monkeys demonstrate a clear change in discharge rates
peaking just before response onset, when controlled behavior is
necessary (Isoda and Hikosaka, 2008). Although changes in STN
LFP and neuronal firing rate should not be considered synony-
mous, the switch to a more controlled processing could account
for the reciprocal effects in the beta and gamma bands that be-
came evident just before movement due to the task-complexity
effect.

Thus the complexity-related effects may be due to the need for
more controlled behavior entailed by active stimulus—response
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in the upper and lower panels, respectively. Note that movement-related beta desynchronization is greater on medication than off medication and there is a trial-complexity dependence of this
effect such that high-complexity trials result in greater premovement desynchronization than low-complexity ones (C).

remapping. The STNs role in controlled processing is often seen
as the inhibition of competing alternatives, which in this case
would be the inhibition of automatic stimulus—response associ-
ations. Yet, in LFP terms, inhibitory processes in the STN, such as
those captured in the Go/NoGo or Stroop paradigms, involve
relative increases in beta activity rather than the task-complexity-
induced exaggeration of beta suppression seen here (Kiihn et al.,
2004; Brittain et al., 2012). This raises the possibility that the LFP
changes in the current study may relate to another feature of
controlled behavior: its draw on limited, in the present context,
cognitive capacity (Weingartner et al., 1984). The extent to which
limited capacity is taxed can be defined as the effort made in the
task, and defined in this way, effort transcends cognitive and
motor domains (Lewis, 1964; Botvinick et al., 2009). Thus, it may
be relevant that similar exaggerations of beta suppression and
gamma synchronization in the STN are seen when explicitly mo-
tor demands are increased (Briicke et al., 2012; Tan et al., 2013b).
This leads to speculation that the degree of reciprocal beta—
gamma changes in the STN may scale with the cognitive and
motor effort expended in the task. Recent models of motor con-
trol recognize the need for a general mechanism to regulate the
effort expended during a task according to task demands and
cost—benefit contingencies (Todorov and Jordan, 2002; Guigon
et al., 2007). This function has been associated with the basal
ganglia, where the function is considered to rely on dopaminergic
input (Mazzoni et al., 2007; Niv and Rivlin-Etzion, 2007), in line
with the interaction between dopaminergic therapy and task
complexity in the current study. Although the LFP changes we
describe by no means prove a role for the STN in the coding of

effort, they serve to demonstrate that changes in oscillatory dy-
namics in the STN cannot simply be accounted for in terms of the
selection and parameterization of motor variables, such as force;
in our paradigm the movements made did not differ, but the
resources needed to achieve them did.

Task complexity increased both gamma synchronization and
beta desynchronization before and during the movement. Cru-
cially these reciprocal effects were supported by dopamine, in
keeping with the known effects of this neurotransmitter in pro-
moting effortful behaviors (Kurniawan et al., 2011). Previous
work has demonstrated that gamma activity in the basal ganglia
correlates with force or velocity, but has failed to dissociate these
from effort (Anzak et al., 2012; Briicke et al., 2012; Joundi et al.,
2012; Tan et al., 2013a). One study explicitly contrasted simple,
synchronous, and complex sequential finger movements and
found no change in perimovement gamma activity in the STN
(Litvaketal., 2012), although it could be argued that the demands
of the complex task were less challenging than in the current
paradigm.

The modulation of the depth of beta band desynchronization
by task complexity once motor parameterization was possible
(i.e., after the imperative cue) is also interesting. Most previous
studies have reported a relatively fixed depth of beta desynchro-
nization regardless of force or movement speed (Anzak et al.,
2012; Briicke et al., 2012; Joundi et al., 2012), leading to the
suggestion that beta desynchronization may act in a binary fash-
ion to gate movement (Kithn et al., 2004; Kempf et al., 2007;
Briicke et al., 2012). The present results suggest that perimove-
ment beta desynchronization, unlike premovement anticipatory
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processes in the beta band, may not be fixed but may also be
modulated in tasks requiring more cognitive effort. Another re-
cent study has suggested that the same may be true of STN beta
with respect to motor effort (Tan et al., 2013b).

Our study does have several limitations. The most conspicu-
ous was the absence of a behavioral effect of reward on response
times in light of previous studies demonstrating decreased reac-
tion times with more rewarding stimuli (Knutson et al., 2005).
Likewise, error rates were no different for highly rewarded stimuli
compared with lowly rewarded stimuli. Consequently, it is hard
to be certain that the subjects made use of information pertaining
to reward in the warning cue, perhaps through lack of reinforce-
ment of behavioral salience in the form of post-trial reward or
feedback in the current paradigm. Nevertheless, our findings are
similar to those in a functional MRI study of healthy subjects in
which striatal activity anticipated effort but not reward, despite,
albeit limited, reward-related behavioral changes (Kurniawan et
al., 2013). While previous work has demonstrated cortical beta
desynchronization in parallel with reward anticipation, the mag-
nitude of the reward was correlated with reaction time, hence
confounding reward and motor processing (Dofamayor et al.,
2012). Another issue is that participants were Parkinson’s disease
patients who had undergone surgery, so inferences with regard to
normal functioning must be circumspect (Williams et al., 2002).
Finally, even depth recordings of LFPs can be subject to volume
conduction of cortical activities. To mitigate this, we recorded in
a bipolar configuration from the contacts of the DBS electrode
(Kithn et al., 2004, 2006). By demonstrating locking of STN neu-
ronal discharge to STN LFP oscillations, other studies have pro-
vided strong evidence that STN LFP oscillations in the beta and
gamma bands are locally generated (Levy et al., 2002; Kiithn et al.,
2005; Trottenberg et al., 2006).

In summary, we have provided evidence for two patterns of
reactivity in the STN LFP in the beta band: one that is anticipa-
tory, and has previously been linked to the likelihood of an up-
coming action (Jenkinson and Brown, 2011), and one that is
perimovement in timing and is partially modulated by task com-
plexity as determined by the need for more controlled behavior
and active stimulus-response remapping. The latter is comple-
mented by a task-complexity-modulated reciprocal reactivity in
the gamma band. Crucially, the effects of task complexity in
increasing perimovement beta band desynchronization and
gamma synchronization are potentiated by levodopa, evi-
denced by the bidirectional interaction between medication
and task complexity. Thus, the ability to perform effortful
actions may be impaired in hypodopaminergic states, such as
untreated Parkinson’s disease (Mazzoni et al., 2007).
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