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Abstract

Objective—In Parkinson disease (PD) patients, deep brain stimulation (DBS) of the subthalamic
nucleus (STN) may contribute to certain impulsive behavior during high-conflict decisions. A
neurocomputational model of the basal ganglia has recently been proposed that suggests this
behavioral aspect may be related to the role played by the STN in relaying a “hold your horses”
signal intended to allow more time to settle on the best option. The aim of the present study was 2-
fold: 1) to extend these observations by providing evidence that the STN may influence and
prevent the execution of any response even during low-conflict decisions; and 2) to identify the
neural correlates of this effect.

Methods—We measured regional cerebral blood flow during a Go/NoGo and a control (Go) task
to study the motor improvement and response inhibition deficits associated with STN-DBS in
patients with PD.

Results—Although it improved Unified Parkinson Disease Rating Scale motor ratings and
induced a global decrease in reaction time during task performance, STN-DBS impaired response
inhibition, as revealed by an increase in commission errors in NoGo trials. These behavioral
effects were accompanied by changes in synaptic activity consisting of a reduced activation in the
cortical networks responsible for reactive and proactive response inhibition.
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Interpretation—The present results suggest that although it improves motor functions in PD
patients, modulation of STN hyperactivity with DBS may tend at the same time to favor the
appearance of impulsive behavior by acting on the gating mechanism involved in response
initiation.

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) improves motor functions
in patients with Parkinson disease (PD).1:2 However, growing evidence suggests that STN-
DBS also causes executive inhibitory deficits and impulsive behavior under high-conflict
conditions.3-7

Abnormal basal ganglia activity in PD produces a series of downstream effects affecting
thalamic and cortical areas.® Within the basal ganglia, the STN plays a major role in motor
control, and operating as a relay, influences response suppression by inhibiting
thalamocortical programs. The fact that a large part of the STN receives motor inputs from
the primary motor cortex (M1), the premotor cortex (PMC), the supplementary motor area
(SMA), and the pre-SMA strongly supports its important motor contribution.®19 However,
the STN also receives several projections from the anterior cingulate cortex (ACC) and
inferior frontal cortex (IFC), as well as the medial prefrontal cortex (mPFC) and dorsolateral
prefrontal cortex, accounting for a more cognitive aspect of motor control.10:11

Within this framework, Frank and colleagues have proposed a neurocomputational model”12
in which the STN provides a dynamic “hold your horses” signal temporarily preventing the
execution of any response in face of high-conflict decisions. According to their model, the
STN would relay a global NoGo signal via excitatory projections to the pallidum with
consequent inhibition of thalamocortical activity, thus allowing more time to integrate all
necessary information and settle on the optimal choice. However, based on recent
investigations in healthy human subjects, it appears that the function of the “hold your
horses” signal may not be specific to complex decisional conflicts, but could generalize to
basic sensorimotor functions in which preventing unwanted response is required.13-16 This
model, known as “proactive inhibition,” assumes that the default state of the executive
control involved in basic preparatory processes consists of preventing automatic responses to
irrelevant stimulations, even for low-conflict decisions. This executive control would
maintain inhibition over movement-triggering processes as long as the uncertainty lasts and
release the brake when appropriate. Although accounting for simple sensorimotor reactions,
this gating model relies on a network of cognitive structures, where the mPFC, the
precuneus/posterior cingulate cortex (Prec/PCC), and the inferior parietal cortex (IPC) play a
central role.14.15

The hypotheses underlying the “hold your horses” and “proactive inhibition” models are not
mutually exclusive. Both models predict attenuation of thalamocortical activity and assume a
global modulatory signal suppressing all responses rather than modulating the execution of
any particular response. However, they differ in respect to 2 main aspects. First, the effects
of the global modulatory signal supported by the STN are expected to apply at different
times in the 2 models. In the “hold your horses” model, suppression is supposed to be
implemented as response selection processes evolve. Thus, the global NoGo signal would
not apply before the stimulus is presented; it would rather be triggered by it.12 Conversely, in
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the “proactive inhibition” model, inhibition of movement-triggering processes is supposed to
apply well in advance of stimulus presentation and to be released by the identification of the
Go signal. In other words, the former model assumes a phasic, reactive inhibitory process,
whereas the latter rather refers to a tonic, proactive inhibitory process. Second, the 2 models
predict that STN-DBS may functionally affect different STN connected cortical areas. The
“hold your horses” model predicts specific changes in PMC, pre-SMA and ACC,’+10.12
whereas the “proactive inhibition” hypothesis predicts possible activation changes in mPFC,
Prec/PCC, and IPC.15:16

A way to investigate basic mechanisms of response inhibition and motor impulsivity is to
use a Go/NoGo (GNG) paradigm,17-18 which can examine response inhibition using only
minor working memory load and without the requirement of learning complex stimulus-
response associations. The aim of the present study was to identify STN-DBS—-induced
changes in brain activation in a simple reaction time (RT) task that required withholding
response execution, within the framework of the 2 models accounting for gating motor
responses. To this end, we assessed reactivity and impulsivity by measuring reaction times
and response inhibition failures in a GNG task and a Go task in PD patients with stimulators
bilaterally implanted in the STN. We compared behavioral performances between ON and
OFF stimulation in both tasks and used H,1°0 positron emission tomography (PET) to
measure the neural correlates of performance changes induced by STN-DBS. Although PET
is an ideal technique to study patients with implanted stimulators, it does not allow event-
related analysis to separate out in-time different brain activations associated with the
proactive and retroactive inhibition. Nevertheless, keeping this limitation in mind, we
reasoned that STN-DBS—induced modulation of GNG task performance would influence to
varying degrees the activity of the different cortical areas predicted by 2 models.

Materials and Methods

Participants

We studied 7 right-handed patients with PD and bilateral DBS of the STN (6 men, 1 woman;
mean age, 59 + 6 years). They were treated with bilateral STN stimulation for at least 47
months (range, 19-94 months). The implantation of the electrodes (Model 3387; Medtronic,
Minneapolis, MN) was performed under local anesthesia, guided by stereotactic magnetic
resonance imaging (MRI) and microelectrode recordings. The accurate placement of the
electrodes was confirmed on postoperative MRI. The electrodes were connected to a pulse
generator (Kinetra or Soletra, Medtronic). The technique used to localize the electrode
contacts used for stimulation on postoperative images has been previously described in
detail.1® The main demographic and clinical characteristics of the patients, the stimulation
parameters used, and the effects of STN stimulation on Unified Parkinson Disease Rating
Scale (UPDRS) motor scores are presented in Table 1.

PET experiments were approved by the local research ethics committees. Prior to the PET
experiment, the subjects gave informed written consent after the aims of the study and the
nature of the procedures had been fully explained.

Ann Neurol. Author manuscript; available in PMC 2010 November 03.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Ballanger et al. Page 4

Activation Tasks

Patients performed 2 motor tasks: 1) a GNG task and 2) a Go task (simple RT task). The
GNG task involved 2 stimuli: a Go stimulus (a white circle) and a NoGo stimulus (a white
X). Patients were instructed to press a button with their right thumb at the occurrence of the
circle symbol but to withhold a response when the letter X was presented. The Go task
involved only 1 stimulus (the white circle). Stimulus presentation duration was 500
milliseconds, and interstimulus interval was variable (between 1,500 and 3,500
milliseconds). Each scan contained 20 trials. For the GNG task, 40% of the trials were the
NoGo stimulus. RT and errors (anticipation or commission error) were recorded. Errors of
anticipation were defined as responses to the Go stimulus <120 milliseconds. Errors of
commission were defined as a response to the NoGo stimulus in the GNG session. Before
data acquisition, patients performed a practice block consisting of 50 trials and were
instructed to respond as quickly and as accurately as possible.

PET Scanning Procedure

Patients were imaged after overnight withdrawal of their antiparkinsonian medications.
Subjects were positioned supine on the PET scanner bed. The head was maintained in a
fixed position using a thermoformed mask. PET measurements were obtained using a whole
body PET camera system, Siemens-Biograph HiRez XV (Siemens Molecular Imaging,
Knoxville, TN) operating in 3-dimensional mode with an in-plane resolution of
approximately 4.6mm full width at half-maximum. To measure regional cerebral blood flow
(rCBF), 10mCi H,1°0 were administered intravenously over 50 seconds with a semibolus
injection using an infusion pump. Scanning of emission data was started 10 seconds after the
injection and lasted for 90 seconds. The behavioral task was started parallel to the
acquisition of the frame. The interval between successive H,150 administrations was 11
minutes for adequate decay of radioactivity. Before the first emission scan, a scout view was
obtained to determine accurate positioning of the subject and a low-dose (0.2mSv) computed
tomography (CT) scan was acquired to correct for attenuation. Images were reconstructed by
2-dimensional filtered back-projection, resulting in 81 slices with a 256 x 256 pixel matrix
(pixel size, 2mm).

Twelve emission scans were obtained with both stimulators OFF and ON (6 scans each) in a
block design randomized among patients. After the first block, patients were removed from
the PET scanner for UPDRS Il rating. Patients’ stimulator settings were then changed, and
patients were replaced in the scanner after 30 minutes using identical settings. The interval
of 30 minutes between blocks was chosen to maximize differences between stimulation
conditions. A second CT scan and a second set of emission scans were then performed. The
following conditions were studied: 1) Go-ON and GNG-ON with bilateral STN-DBS ON;
and 2) Go-OFF and GNG-OFF with bilateral STN-DBS OFF. In each block, motor tasks
were performed with the right hand and each condition was performed up to 3 times in
randomized order.

PET Image Transformation and Statistical Analysis

Image and statistical analysis were performed in MATLAB version 7.4 (Mathworks Inc.,
Natick, MA) using statistical parametric mapping software (SPM2; Wellcome Department
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of Imaging Neuroscience, London, UK)Z° to implement the following steps: 1) a mean
image was generated; 2) all images were then realigned to the mean image to correct for
inter-scan head movement; 3) the mean image was normalized to the standard SPM2 PET
Montreal Neurological Institute space template; 4) the resulting normalization parameter set
was used to spatially normalize the individual images; and 5) normalized images were
thereafter smoothed using an isotropic, Gaussian kernel of 14mm to reduce the variance due
to individual anatomical variability and to improve the signal/noise ratio. Variations in
global flow across subjects and scans were removed by proportionally scaling each image to
have an arbitrary level of 50mI/100ml/min.

To identify voxels associated with the effect of STN-DBS on Go and GNG tasks, a
multisubjects x conditions and covariates model was used. To account for potential effect of
disease severity, we entered the motor UPDRS scores and the disease duration as nuisance
variables in the analyses. The following analyses were performed:

MAIN EFFECT OF STIMULATION—The contrast (Go-ON + GNG-ON) — (Go-OFF +
GNG-OFF) assessed the increase in rCBF related to stimulation, independently of the task.
The reversed contrast (Go-OFF + GNG-OFF) — (Go-ON + GNG-ON) assessed the decrease
in rCBF.

MAIN EFFECT OF TASK—The contrast (GNG-ON + GNG-OFF) - (Go-ON + Go-OFF)
assessed the increase in rCBF during GNG compared with Go, irrespective of stimulation
condition. The reversed contrast (Go-ON + Go-OFF) — (GNG-ON + GNG-OFF) assessed
the decrease in rCBF during the GNG compared with Go, across the 2 stimulation
conditions.

INTERACTION—The contrast (GNG-ON - Go-ON) - (GNG-OFF - Go-OFF) assessed
the increase in rCBF during the GNG task relative to the Go task with DBS ON compared
with DBS OFF. The reversed contrast (GNG-OFF — Go-OFF) — (GNG-ON - Go-ON)
assessed the decrease in rCBF during the GNG task relative to the Go condition with DBS
ON compared with DBS OFF stimulation.

In all analyses, statistical maps were thresholded at a level of p< 0.001 uncorrected at the
voxel level, and a restricted volume analysis was used to test specific a priori hypotheses.
21,22 Thjs analysis considered all voxels within a mask image that included regions of
interest (ROIs). This mask image was created anatomically using the WFU-Pick Atlas tool
(http://www.fmri.wfubme.edu),23 based on the automated anatomical labeling (AAL) atlas.
24 On the basis of the “pro-active inhibition” model,® the ROIs were defined as follows: 1)
mPFC, consisting of the superior medial part of the frontal lobe from the AAL template; 2)
the left inferior parietal lobe; and 3) the midline cingulate posterior (PCC). On the basis of
the “hold your horses” model,”-12 the ROIs were defined as follow: 1) the left motor cortical
areas (M1/PMC), using the precentral gyrus in the AAL template; 2) the pre-SMA using the
SMA region (with y > 0); 3) the midline cingulate anterior (ACC); and 4) the right IFC
consisting of combined pars opercularis and pars triangularis from the AAL template.
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Resulting clusters in a priori regions were reported as significant only if they included voxels
with zvalues of >3.30, corresponding to the 2-tailed p < .001 level, uncorrected for multiple
comparisons and an extent threshold of 20 contiguous voxels. All coordinates reported are
based on the Talairach atlas and were derived from procedures developed by M. Brett (http://
www.mrc-bu.cam.ac.uk/Imaging). These coordinates refer to the location of maximal
activation in a particular anatomical structure, which is also indicated in Brodmann areas
(BA).

Correlation Analysis

Results

To identify brain regions where rCBF correlated with poor inhibitory control during the
GNG task, the percentage of commission errors for each GNG scan were used as a covariate
in a covariate only model. The negative covariation of rCBF with this covariate was
determined independently of the stimulation condition.

Effect of STN Stimulation on PD Motor Symptoms

Stimulation significantly improved motor symptoms, with a mean of 61% reduction of the
UPDRS motor scores (p < 0.004). This improvement in motor symptoms was observed
individually in all our PD patients (Table 1). The location of the electrode contacts
stimulated during the tasks and PET imaging is shown in Figure 1.

Effect of STN Stimulation on the Behavioral Tasks

Significant effects of the stimulation (F1 g = 18,760; p= 0.004) and task (F1 ¢ = 16,09; p=
0.007) factors were found on the RT variable, without interaction (F1 g = 1,22; p= 0.31).
The stimulation effect indicated that RT was shorter when DBS stimulators were ON (mean
+ standard deviation [SD] = 359 + 45 milliseconds) than when they were OFF (mean £ SD =
398 + 60 milliseconds). The task effect revealed that RT was longer in the GNG task (mean
+ SD =416 + 45 milliseconds) than during the Go condition (mean = SD = 340 + 60
milliseconds). As shown by the absence of stimulation x task interaction, the latter effect
was similar in OFF and ON DBS conditions (Fig 2A). However, DBS impaired response
inhibition during the GNG task, as patients made more commission errors in the ON (10%)
than in the OFF (4%) condition (¢= 2.66; p= 0.036) (Fig 2B).

Changes of rCBF

The main effect of stimulation revealed that STN-DBS induced both an increase and
decrease in rCBF in cortical areas defined in our a priori hypothesis (Fig 3). A significant
increase in rCBF was observed in the subgenual ACC (BA 24/32). In contrast, a reduced
activation was detected in the medial PCC (BA 29/30), pre-SMA (BA 6), and dorsal ACC
(BA 24/32), as well as in the left primary motor cortex (BA 4), inferior parietal lobe (BA
40), dorsal PMC (BA 6), right ventral PMC (BA 6), and inferior frontal cortex (BA 44). The
location, coordinates, and peak z score of activated and deactivated areas are detailed in
Table 2. For the main effect of task, no significant effect of task was observed. The
interaction did not disclose any specific effect of STN stimulation during the GNG task at
the threshold selected for the analyses. In the correlation analysis, the percentage of
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commission errors revealed a significant negative covariation with rCBF in the right
precuneus (BA 7). The location, coordinates, and peak z score of activated areas are detailed
in Table 3.

Discussion

Choosing between different possible responses requires substantial monitoring and
inhibition to prevent incorrect reactions.2%26 The ability of PD patients to slow down when
faced with high-conflict decisions is impaired under STN-DBS.” Based on a recent proposal
that withholding automatic response to external stimuli is the default state of sensorimotor
reactivity in healthy subjects (ie, not restricted to high-conflict decisions but generalized to
simple sensorimotor actions),1415 we hypothesized that the executive control consisting of
switching from controlled proactive tonic inhibition to automatic sensorimotor processing
(ie, in releasing the brake) may also play a certain role in the pathogenesis of akinetic
symptoms. Because the STN is placed in a neuroanatomical position that may allow it to be
an important operating relay in the modulation of the inhibitory network that prevents
erroneous responses,2’ we assumed that STN-DBS effects in PD patients may exert a strong
influence on the ability to control this basic inhibitory mechanism.

As expected, STN-DBS produced a significant improvement in the motor symptoms of PD
patients. Consistent with the clinical evaluation, behavioral data indicate that STN
stimulation yields faster generation of motor responses irrespective of the task. The present
findings also demonstrated that STN stimulation induced significant increase of commission
errors during the Go/NoGo task, that is, a greater difficulty inhibiting responses to NoGo
signals. It is worth noting that commission error rate in a Go/NoGo task is usually
considered as the primary measure of impulsivity.>28.29 Accordingly, the pattern of
behavioral results observed in the present study suggests that STN-DBS improved motor
functions at the expense of response inhibition in simple sensorimotor tasks. The cerebral
patterns of brain activity were found to be consistent with the behavioral outcome. In fact,
STN-DBS influenced different cortical areas associated with the predictions of both reactive
and proactive models of response inhibition.

The broad effect of STN stimulation was associated with a reduced activation in the left
PMC and pre-SMA, as well as the dorsal ACC and IFC. As proposed in the “hold you
horses” model, these interconnected structures are known to be activated during inhibitory
tasks, detection and integration of response conflict, and error-related processing.10:30-32
They are particularly engaged when preventing the execution of any response in face of
high-conflict decisions.”-12 The recent observation that STN-DBS reduces coupling between
cingulate and basal ganglia output® supports our finding of reduced activation of the dorsal
ACC. This cortical area is well known to be activated by a wide range of higher cognitive
functions, including tasks in which a prepotent or over-learned response tendency has to be
overcome (such as the Stroop and the GNG task) and tasks that typically elicit response
conflict. Thus, the impaired activation observed in the dorsal ACC may be accountable for
the reduced ability of PD patients to inhibit responses during the GNG task. Finally, the
deactivation of the right IFC, known to be involved in the active inhibitory process of
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ongoing responses,0:33 supports the hypothesis that STN-DBS may influence motor
impulsivity by also compromising directly reactive inhibitory commands.

STN stimulation was also associated with a reduced activation in key structures supporting
the proactive inhibitory control of movement-triggering mechanisms, such as the precuneus,
PCC, and left inferior parietal cortex. In particular, the negative correlation observed
between the amount of activation in the area of the precuneus and the number of commission
errors strongly emphasizes our hypothesis. The precuneus is crucial in the process of
preparing an individual to engage the inhibitory circuitry3* along with the left inferior
parietal cortex, a structure involved in the initiation of a motor program3>-36 that may act as
a possible relay in movement initiation and modulations of the tonic inhibitory state.1®
Because no effect was observed in the mPFC, the acknowledged source of the proactive
inhibitory command, 1534 we could speculate that STN-DBS may compromise only its
integration within posterior sensorimotor networks. This hypothesis is consistent with the
observed deactivation of the precuneus/PCC node, which plays a pivotal role within the
default network, acting as a convergence node where cognitive information arising from
different subsystems interact.3” Thus a deactivation of this node would have a significant
detrimental effect on the process monitoring of different cognitive subsystems (eg,
executive).

An interesting observation was represented by the increased rCBF in the subgenual limbic
ACC,38-40 3 region reported to be abnormally activated in diseases associated with
impulsive behavior.#1:42 Thus, we could speculate that the increased activity observed in the
subgenual ACC may reflect an elevated motivational drive related to impulsivity in PD
patients with STN-DBS. Overall, the cerebral patterns of activation and deactivation
observed in the ACC suggest that although STN-DBS may enhance the ventral emotional
circuit, it alters the dorsal cognitive circuit involved in the performance of various executive
functions.

These findings favor the hypothesis that modulation of STN hyperactivity with DBS,
although it improves parkinsonian features in PD patients, induces a global impairment of
response inhibition pattern that tends to increase impulsivity. Consistent with these
observations, STN lesioning studies in experimental animals with dopaminergic
degeneration have shown that, although they improve motor performance, they also produce
selective nonmotor deficits such as increased premature response during both simple and
complex RT tasks.#4-47 Our results and conclusions find their rationale in the strategic
position that the STN holds within the corticobasal ganglia circuitry,11:48 providing it with
a pivotal role as a brake in the motor network.2” Importantly, the present study suggests that
this deficit in response inhibition likely applies to both tonic (proactive) and phasic (reactive)
inhibitory processes. Based on these observations, we propose that the impairment of the
response inhibition network may play an important role in both akinesia (which may be
viewed as global difficulty in releasing proactive inhibition OFF stimulation, ie, to “release
the horses™) and impulsivity (which may conversely be considered as global difficulty in
locking movement-triggering processes ON stimulation, ie, to “hold the horses”). In other
words, akinesia and impulsivity could represent opposite sides of the same coin. We believe
that this new theoretical approach may provide novel insights and better understanding of
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movement disorders. Further work is needed to extend this observation and to explore the
hypothesis that this role of the STN may be generalized to other cognitive and behavioral

aspects, as suggested by the other forms of inhibitory deficits observed with STN-DBS.
3,4,6,48
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Fig 1.

Sc%ematic representation of the approximate location of the electrode contacts used for
stimulation during the study over a series of 4 axial sections of the Schaltenbrand & Wahren
atlas (A = anterior; M = medial; P = posterior; L = lateral). Numbers on the graphs represent
millimeters from the midcommissural point (MCP). Negative values are inferior to the
midcommissural point. A.aq = Annulus aquaeductus; Aq = Aquaductus mesencephali; B.cj
= Brachium conjuctivum; B.co.i = Brachium colliculi inferioris; Co.s = Colliculi superioris;
Cp.i.p = Internal capsula lenticular fascicularis; G.m = corpus geniculatum mediale; H1/H2
= forel’s field; Hpth = hypothalamus; L.1 = lemniscus lateralis; L.m = lemniscus medialis;
P.m = medial pallidus; Pp.d = nucleus peripeduncularis; Pu.ig = nucleus pulvinaris
intergeniculartus; Q = fasciculus Q; Ra.prl = preliminiscal radiation; Ru = red nucleus; Sth
= subthalamic nucleus; Tmth = mammillo-thalamic tract; T.t.c = central tegmental tract; v.ci
= nucleus ventrocaudalis internus; v.c.pc.e = ventrocaudalis parvocellularis externus; v.c.pc.i
= ventrocaudalis parvocellularis internus; v.por = nucleus ventralis portae; z.i. = zona
incerta.
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Fig 2.

(A) Variations of reaction time as a function of the experimental condition. (B) Percentage
of commission error (CE) during the Go/NoGo (GNG) task as a function of the stimulation
condition (subthalamic nucleus deep brain stimulation, STN-DBS). *Statistically significant
effect.
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Fig 3.

Stgtistical parametric maps of brain regions showing common significant changes with
subthalamic nucleus (STN) stimulation during both Go and Go/NoGo tasks at a statistical
threshold of p < 0.001 (uncorrected) at the single-voxel level. Areas of increased regional
cerebral blood flow (rCBF) with STN stimulation involving the ventral anterior cingulate
cortex (ACC) are in yellow. Areas of decreased rCBF during STN stimulation involving the
left motor and premotor areas, the medial dorsal ACC, posterior cingulate cortex, and pre—
supplementary motor area are in blue. These areas are superimposed on sagittal (right
column) and coronal (left column) sections of a single subject’s brain magnetic resonance
imaging from SPM2. R =right; L = left.
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