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ABSTRACT 

The sensorimotor cortex is somatotopically organized to represent the vocal tract articulators, 

such as lips, tongue, larynx, and jaw. How speech and articulatory features are encoded at the 

subcortical level, however, remains largely unknown. We analyzed local field potential (LFP) 

recordings from the subthalamic nucleus (STN) and simultaneous electrocorticography 

recordings from the sensorimotor cortex of 11 patients (1 female) with Parkinson’s disease 

during implantation of deep brain stimulation (DBS) electrodes, while patients read aloud three-

phoneme words. The initial phonemes involved either articulation primarily with the tongue 

(coronal consonants) or the lips (labial consonants). We observed significant increases in high 

gamma (60–150 Hz) power in both the STN and the sensorimotor cortex that began before 

speech onset and persisted for the duration of speech articulation. As expected from previous 

reports, in the sensorimotor cortex, the primary articulator involved in the production of the initial 

consonant was topographically represented by high gamma activity. We found that STN high 

gamma activity also demonstrated specificity for the primary articulator, although no clear 

topography was observed. In general, subthalamic high gamma activity varied along the ventral-

dorsal trajectory of the electrodes, with greater high gamma power recorded in the more dorsal 

locations of the STN. These results demonstrate that articulator-specific speech information is 

contained within high gamma activity of the STN, with similar temporal but less specific 

topographical organization, compared to similar information encoded in the sensorimotor cortex. 

 

Key words: speech, vocal tract articulators, subthalamic nucleus, sensorimotor cortex, high 

gamma oscillations, electrocorticography, deep brain stimulation, Parkinson’s disease 

 

  

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 5, 2018. ; https://doi.org/10.1101/463141doi: bioRxiv preprint 

https://doi.org/10.1101/463141
http://creativecommons.org/licenses/by-nc-nd/4.0/


 4 

SIGNIFICANCE STATEMENT 

Clinical and electrophysiological evidence suggests that the subthalamic nucleus is involved in 

speech, however, this important basal ganglia node is ignored in current models of speech 

production. We previously showed that subthalamic nucleus neurons differentially encode early 

and late aspects of speech production, but no previous studies have examined subthalamic 

functional organization for speech articulators. Using simultaneous local field potential 

recordings from the sensorimotor cortex and the subthalamic nucleus in patients with 

Parkinson’s disease undergoing deep brain stimulation surgery, we discovered that subthalamic 

nucleus high gamma activity tracks speech production at the level of vocal tract articulators, with 

high gamma power beginning to increase prior to the onset of vocalization, similar to cortical 

articulatory encoding. 
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INTRODUCTION 

Speech articulation constitutes a complex motor behavior involving a precise coordination of 

different parts of the vocal apparatus, known as articulators (e.g., lips, tongue). While 

recruitment of the cortical regions in the articulatory realization of speech is widely documented, 

the specific contributions of different subcortical structures remain largely unknown. Here, for 

the first time, we use local field potential (LFP) recordings from the subthalamic nucleus (STN) 

and simultaneous electrocorticography (ECoG) recordings from the sensorimotor cortex to 

investigate the role of the STN in speech articulation and to compare its spatial and temporal 

organization for encoding of speech articulators with that of the sensorimotor cortex.  

 

Ample evidence has implicated the ventral-lateral orofacial area of the sensorimotor cortex as a 

principal cortical region for the neural representation of speech articulators. Electrical stimulation 

of this region produces somatotopically organized sensorimotor responses for the larynx, 

tongue, jaw, and lips along the ventral-to-dorsal orientation of the central sulcus, respectively 

(Penfield and Boldrey, 1937; Penfield, 1954; Woolsey, Erickson, and Gilson, 1979; Breshears, 

Molinaro, and Chang, 2015). Functional imaging (fMRI) studies generally provide corroborating 

evidence for the somatotopic cortical representation of the vocal tract effectors, among other 

body parts, albeit with a varying degree of overlap among individuals (Lotze et al., 2000; 

Hesselmann et al., 2004; Pulvermüller et al., 2006; Brown, Ngan, and Liotti, 2007; Meier et al., 

2008; Takai, Brown, and Liotti, 2010; Carey et al., 2017). Recently, ECoG studies have 

elaborated the notion of cortical articulatory somatotopy by revealing differentiated neural 

representations for fine-grained phonetic features and complex kinematics underlying speech 

articulation (Bouchard et al., 2013; Bouchard & Chang, 2014; Mugler et al., 2014; Lotte et al., 

2015; Bouchard et al., 2016; Cheung et al., 2016; Ramsey et al., 2017; Chartier et al., 2018; 

Conant et al., 2018).  
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Anatomical connections between the sensorimotor cortex and the basal ganglia via a cortico-

striatal-thalamic loop (Alexander, DeLong, and Strick, 1986) suggest that the basal ganglia, 

including the STN, may also participate in speech production. Indeed, indirect evidence from 

lesion literature (Brunner et al., 1982; Damasio et al., 1982; Wallesch et al., 1983; Nadeau and 

Crosson, 1997), from clinical data on deep brain stimulation (DBS) outcomes (Morrison et al., 

2004; Witt et al., 2008; Aldridge et al., 2016; Knowles et al., 2018) and neurological disorders 

involving the basal ganglia (Logemann et al., 1978; Ho et al., 1998; Walsh and Smith, 2012) 

implicates the basal ganglia in many aspects of speech production. Direct evidence from 

electrophysiological recordings of STN activity during speech production shows 

desynchronization of beta power during articulation of non-propositional speech (Hebb, Darvas, 

and Miller, 2012), and speech-related changes in single unit firing activity (Watson and 

Montgomery, 2006; Lipski et al., 2018). To our knowledge, however, no study has investigated 

the spatial and temporal distribution of speech-related neuronal activity for different articulators 

in the STN relative to the sensorimotor cortex. Given that the STN is anatomically subdivided 

into sensorimotor, limbic, and associative functional areas (Hamani et al., 2004; Temel et al., 

2005; Haynes and Haber, 2013) and that a somatotopic organization for arms, legs, eyes and 

face is observed within the motor territory of the STN in human and non-human primates 

(Monakow, Akert, and Kiinzle, 1978; DeLong, Crutcher, and Georgopoulos, 1985; Wichmann, 

Bergman, and DeLong, 1994; Rodriguez-Oroz et al., 2001; Starr, Theodosopoulos, and Turner, 

2003; Theodosopoulos et al., 2003; Nambu, 2011), it is possible that a functional somatotopy for 

the vocal tract articulators is also maintained within the STN.  

 

We employed a novel experimental paradigm in awake, speaking patients undergoing STN-

DBS for Parkinson’s disease, where sensorimotor electrocorticography is recorded 

simultaneously with STN LFPs. We discovered that STN high gamma (60–150 Hz) activity is 

dynamic during the production of speech, exhibiting activity that tracks with specific articulatory 
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motor features. Our data further suggest that spatial and temporal characteristics of the neural 

representations of speech articulators may differ between the cortex and STN.  

 

MATERIALS AND METHODS 

Participants. Participants included 11 native English-speaking patients with Parkinson’s 

disease (10M/1F, age: 67.5±7.7 years, duration of disease: 8±2.4 years) undergoing awake 

stereotactic neurosurgery for implantation of DBS electrodes in the STN. In addition to the 

clinical subcortical mapping and as part of an IRB approved research protocol, participants were 

temporarily implanted with subdural electrode arrays over the left ventral sensorimotor cortex. 

All patients completed Unified Parkinson's Disease Rating Scale (UPDRS) testing within four 

months before the surgery. Dopaminergic medication was withdrawn the night before surgery. 

Subjects’ demographic and clinical characteristics are provided in Table 1. All procedures were 

approved by the University of Pittsburgh Institutional Review Board (IRB Protocol # 

PRO13110420), and all patients provided informed consent to participate in the study.  

 

Table 1. Subject demographic and clinical characteristics 

Subject Gender Age Handedness 
Education, 

years 

Duration of 
disease, 

years 

Hoehn and 
Yahr 

Stage  

UPDRS 
Score (off 

medication)  

1 Male 71 not recorded not recorded 6 2 35 

2 Male 60 Right 12 14 2 53 

3 Male 69 Right 14 9 2 46 

4 Male 61 Right 16 5 2 31 

5 Male 68 Left 16 8 2 50 

6 Male 57 not recorded not recorded 7 2 44 

7 Male 82 Right 16 8 2 36 

8 Male 66 Right 19 7 2 45 

9 Female 71 Right 16 8 2 24 

10 Male 77 Right 18 10 2 27 

11 Male 60 Right 13 6 2 39 
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Stimuli and procedure. Participants performed a reading-aloud task during the subcortical 

mapping portion of the surgery in up to 4 recording sessions per patient, with 120 trials per 

session. The visual stimuli consisted of consonant-vowel-consonant (CVC) words and 

pseudowords presented on a computer screen. The stimuli were chosen from an existing 

stimulus set, and were balanced along a number of psycholinguistic parameters, such as 

phonological and orthographic neighborhood density, bigram frequency, phonotactic and 

biphone probability, etc. (for a detailed description of the stimuli, see Moore, Fiez, and 

Tompkins, 2017). For the purposes of the present study, the stimuli were grouped into two 

categories based on the primary articulator involved in the production of the initial consonants: 

words with word-initial labial consonants (i.e., those requiring closure or constriction of the air 

flow primarily with the use of the lips), and words with word-initial coronal consonants (i.e., those 

requiring articulation primarily with the use of the tongue). The labial consonants subsumed 

bilabial (/p/, /m/) and labiodental (/f/, /v/) phonemes; coronal consonants included alveolar (/s/, 

/z/, /t/, /d/, /l/, /n/), post-alveolar (/ʃ/, /r/), and dental (/θ/, /ð/) phonemes. 

 

The stimuli were created and presented by custom code running in the Matlab environment 

(MathWorks, Natick, MA) using Psychophysics Toolbox extensions (Brainard, 1997). A 

schematic of the experimental procedure is shown in Figure 1. On each trial, participants were 

presented with a white cross against a black background during an intertrial interval, after which 

a green fixation cross appeared on the screen for 250 ms instructing the participants to get 

ready. It was followed by a variable interstimulus interval (500-1000 ms) during which the 

screen remained black. Then the stimulus word was presented on the screen and participants 

were instructed to read it out loud. The stimulus word remained on the screen until participants 

made the response, after which the experimenter advanced the presentation to the next trial. All 

stimuli (120 trials per recording session) were pseudorandomized in order of presentation. 

Participants were familiarized with the task prior to surgery. 
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Figure 1. Experimental paradigm. ITI = intertrial interval; ISI = interstimulus interval 

 

Audio recordings. Participants’ reading aloud was recorded using an omnidirectional 

microphone (Audio-Technica ATR3350iS Mic, frequency response 50-18,000 Hz, or PreSonus 

PRM1 Mic, frequency response 20-20,000 Hz). The microphone was positioned at a distance of 

approximately 8 cm from the subject’s left oral angle of the mouth and oriented at an angle of 

approximately 45 degrees. A Zoom H6 digital recorder was used to record the audio signal at a 

sampling rate of 96 kHz. This signal was simultaneously recorded using a Grapevine Neural 

Interface Processor (Ripple LLC, Salt Lake City, UT, USA) at a lower sampling rate of 30 kHz. 

The audio recordings were segmented and transcribed offline by phonetically-trained 

communication science students using the International Phonetic Alphabet (IPA) in a custom-

designed graphical user interface (GUI) implemented in MATLAB. The audio recordings were 

synchronized with the neural recordings using digital pulses delivered to the Neuro-Omega 

system (Alpha Omega, Nazareth, Israel) via a USB data acquisition unit (Measurement 

Computing, Norton, MA, model USB-1208FS). 

 

Subthalamic nucleus recordings. Subjects were implanted with DBS leads bilaterally, but 

local field potentials were recorded during the administration of the reading-aloud task only for 

the left side surgery (see Figure 2A for an example of lead trajectory). The LFP signal was 

acquired with the Neuro-Omega recording system using parylene insulated tungsten 

microelectrodes (25 μm in diameter, 100 μm in length) with a stainless steel macroelectrode 
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ring (0.55 mm in diameter, 1.4 mm in length) 3 mm above the tip of the microelectrode. The LFP 

signal was recorded at a sampling rate of 44 kHz and was band-pass filtered at 0.075 Hz to 10 

kHz. The microelectrodes targeted the dorsolateral area of the STN, as previously described in 

Lee et al. (2018). The microelectrodes were oriented on the microtargeting drive system using 

two or three trajectories of a standard cross-shaped Ben-Gun array with a 2 mm center-to-

center spacing: for mapping of the center, posterior, and medial tracts. The microelectrodes 

were advanced manually in 0.1 mm steps starting 10 mm above the defined target. The patients 

were subsequently implanted with DBS Medtronic 3389 leads with four platinum-iridium 

cylindrical macroelectrodes 1.27 mm in diameter, 1.5 mm in length and a 0.5 mm electrode 

spacing (Medtronic, Minneapolis, MN, USA). The superior and inferior boundaries of the STN 

were determined by the neurophysiologist and neurosurgeon based on the characteristic STN 

single-unit neuronal activity obtained from the microelectrode recordings (MER). The speech 

task was administered and LFP data acquired for up to four different depths within the STN per 

patient. As a result, LFP data from a total of 79 recording sites were obtained across all 

patients, noting that for the most superficial recording sites within the STN, the macroelectrode 

ring may have been just superior to the dorsal border of STN. The locations of the 

macroelectrode contacts were determined using the semi-automatic approach implemented in 

the Lead-DBS toolbox (Horn and Kühn, 2015; Horn et al., 2019). In brief, post-operative CT 

scans were linearly coregistered with pre-operative MRI scans and normalized to MNI (Montreal 

Neurological Institute) space. MNI-defined coordinates of macroelectrode contact locations were 

extracted for all subjects and visualized in Figure 2B.  

 

Cortical recordings. In addition to the clinical subcortical mapping procedure, all patients were 

also temporarily implanted with subdural electrode arrays over the cortical surface of the left 

hemisphere which were inserted through the burr hole after opening the dura, but before the 

insertion of subcortical guide tubes. The ECoG signal was acquired at 30 kHz using the 
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Grapevine Neural Interface Processor. Most subjects were implanted with 6- or 28-channel Ad-

Tech electrode strips (Ad-Tech Medical Corporation, Racine, WI, USA) except for two subjects 

who were implanted with either a 36- or 54-channel PMT electrode strips each (PMT 

Corporation, Chanhassen, MN, USA). Depending on the type of the electrodes, the electrodes 

varied 1, 2 or 4 mm in diameter, and 3, 4 or 10 mm in center-to-center spacing. The placement 

of the electrode strips was targeted at the ventral sensorimotor cortex by using stereotactic 

coordinates to mark the scalp over this region and advancing the subdural strips in the direction 

of this overlying visual marker. A total of 198 electrodes were placed on the cortex, but only 125 

were included in the analyses – those that were confined to the sensorimotor cortex, as 

determined in the patients’ native brain space (Figure 2C shows these locations in MNI space). 

Localization of the electrodes on the cortical surface was reconstructed from 1) the intra-

operative fluoroscopic images (512 × 512 pixels, General Electric, OEC 9900) and 2) the 

coregistered pre-operative and post-operative computed tomography (CT) images obtained 

after placement of the Leksell frame and 3) pre-operative magnetic resonance imaging (MRI) 

scans according to the semi-automated method described in Randazzo et al. (2016). Electrode 

locations were then registered to the common brain space using the MNI template (ICBM152) 

with Brainstorm (Tadel et al., 2011) (https://neuroimage.usc.edu/brainstorm/). Subjects’ MNI-

defined ECoG electrodes that were constrained to the sensorimotor cortex in native space are 

presented in 3D MNI space in Figure 2D.  
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Figure 2. Location of recording sites in the MNI-defined space. A, An example trajectory of the DBS lead through 

the left subthalamic nucleus (STN) shown on the DISTAL atlas by Ewert et al. (2017). B, MNI-defined coordinates 

(mm) of recording sites in the STN plotted for all subjects in 3D space. C, Reconstructed locations of all ECoG 

electrodes in the sensorimotor cortex that were included in the study (n = 125), co-registered and plotted on the 

cortical surface of the MNI brain space. D, MNI-defined coordinates (mm) of the ECoG contacts on the sensorimotor 

cortex plotted for all subjects in 3D space. In B and D, each subject’s electrodes are mapped with a different color. 

 

Data selection. Of the 11 subjects who participated in the study, STN data for one subject 

(Subject 2) was not recorded due to a technical error. ECoG data from 2 subjects contained 

excessive artifacts in the signal (Subjects 7 and 10) and were excluded from the analysis. Trials 

were included in the analysis if 1) a student coding the data was able to unambiguously identify 

a subject’s spoken response; 2) a subject’s spoken response constituted the stimuli’s targeted 

CVC structure; 3) a subject’s response included the stimuli’s targeted phonemes. On the basis 

of these criteria, 359 (9.8%) out of a total of 3,669 recorded trials were rejected.  
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Electrophysiological data processing. Data processing was performed using custom code 

based on the Statistical Parametric Mapping (SPM12) (Wellcome Department of Cognitive 

Neurology, London, UK) (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and Fieldtrip 

(Oostenveld et al., 2011) toolboxes implemented in MATLAB. The data were resampled to a 

sampling frequency of 1 kHz. In order to minimize noise and artifactual electrode cross-talk in 

the signal, the data were re-referenced offline using a common average referencing procedure 

applied over blocks of electrodes connected by the same headstage connector for the ECoG 

recordings, and using a common average referencing procedure for the STN recordings. A 1 Hz 

high-pass filter and a 58-62 Hz notch filter were applied to remove cardioballistic artifacts and 

line noise, respectively. The signal was then aligned with the presentation of the green cross 

cue for subsequent baseline epoching and with the vowel onset (the transition between the 

initial consonant and the subsequent vowel, CV) for speech response epoching. The CV 

transition was used to separate the consonantal component from the subsequent vocalic 

component in subjects’ spoken responses (as in Bouchard et al., 2013). For artifact rejection, 

data were visually inspected over 6000-ms long time windows surrounding baseline and vowel 

onset; time widows with residual artifacts and excessive noise were excluded from analysis, 

resulting in an additional 4.8% data rejection. The remaining data underwent a time-frequency 

transformation using Morlet wavelets with 7 cycles over frequencies between 1 and 200 Hz in 

incrementing steps of 2 Hz. The resulting signal was normalized using z-scores calculated 

relative to a 1000-ms long baseline period (250 ms before and 750 ms after green cross 

presentation). A time-varying analytic amplitude in the high gamma frequency range (60-150 

Hz) was extracted for further analyses because it has been consistently reported to reflect 

changes in sensory, motor and cognitive functions, including speech (e.g., Bouchard et al., 

2013; Crone et al., 1998; Edwards et al., 2005).  
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Experimental design and statistical analysis. All statistical analyses were performed in 

MATLAB 2017a and R version 3.4.4 (R Development Core Team, 2018). A within-subjects 

experimental design was used, in which all subjects (n = 11) received trials with both lips and 

tongue articulations. Recorded LFPs from the sensorimotor cortex and the subthalamic nucleus 

were analyzed separately using the same statistical procedures. For the analysis of the LFPs 

throughout speech production, a time window of 1000 ms (500 ms before and 500 ms after the 

vowel onset) encompassing subjects’ whole spoken response was used. For the analysis of the 

articulatory specificity of the initial consonant, a 500-ms time window preceding the vowel onset 

was used. Although the duration of the word-initial consonant in the prevocalic position can vary 

in the range of 20-150 ms depending on the type of consonant and subsequent vowel (Umeda, 

1977; Son and Santen, 1997), a broader time window of 500 ms allows examination of potential 

pre-articulatory neuronal activity. To analyze high gamma activity elicited during the speech 

task, a series of fitted linear mixed effects models (LMEMs) with restricted maximum likelihood 

estimation were carried out using lme4 (Bates, Maechler, Bolker, and Walker, 2015) and 

lmerTest (Kuznetsova, Brockhoff, and Christensen, 2017) packages. Subjects were entered as 

random effects to account for subject-specific idiosyncrasies. Model comparisons were 

performed via backward elimination of fixed effects and their interactions in order to measure 

the goodness of model fit without unnecessary parameter overfitting using the Akaike 

information criterion (Akaike, 1974). To perform correlation analyses between the observed 

speech and articulatory response and electrode location coordinates in the MNI space, we 

applied a Spearman’s rank correlation test. Generally, to assess statistical differences of 

speech-related changes in the brain response, we used Welch two sample t-tests when the data 

were found not to deviate significantly from normality (as determined by a Shapiro-Wilk 

normality test); when the data were not normally distributed, nonparametric Wilcoxon rank sum 

or Wilcoxon signed-rank (to determine the significance of response compared to baseline) tests 
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were used. False discovery rate (FDR) method (as described in Benjamini and Hochberg, 1995) 

was used at α = 0.05 to control for multiple comparisons.  

 

RESULTS 

Behavioral response. Subjects’ behavioral performance is summarized in Table 2. Across 

subjects, the mean latency from seeing the stimulus word on the screen to producing the word 

was 1.34 ± 0.51 s; the mean duration of the spoken response was 0.59 ± 0.16 s. The severity of 

the disease symptoms as measured by the UPDRS off medication did not account for variation 

in response latency (estimated coefficient = -0.006, SE = 0.018, t = -0.23, p = 0.77) or response 

duration (estimated coefficient = -0.003, SE = 0.005, t = -0.63, p = 0.54). Average response 

accuracy was 88.5%, although subjects 1, 2, and 7 produced many non-target responses 

(incomplete words and/or non-target phonemes) resulting in a high percent of rejected trials 

(more than 20%). 

 

Table 2. Subjects recording and behavioral performance characteristics. 

Subject 
Cortical 

recording 

Number 
of cortical 
electrode 
contacts 

STN 
recording 

Number 
of STN 

electrode 
contacts 

Rejected 
trials, % 

Mean 
number 

of 
included 
trials per 
session 

Spoken 
response 
latency 

(SD), sec. 

Spoken 
response 
duration 

(SD), sec. 

1 yes 6 yes 6 34.2 66 1.60 (0.40) 0.59 (0.13) 

2 yes 28 not used not used 20.8 92.5 1.70 (0.60) 0.77 (0.20) 

3 yes 6 yes 12 4.5 110 1.18 (0.50) 0.52 (0.09) 

4 yes 54 yes 6 4.2 110.5 1.12 (0.38) 0.65 (0.14) 

5 yes 28 yes 6 4.6 103.5 0.70 (0.12) 0.62 (0.17) 

6 yes 6 yes 6 5 110.5 1.27 (0.43) 0.46 (0.11) 

7 not used  not used yes 9 22.3 59.3 2.62 (1.83) 0.43 (0.08) 

8 yes 28 yes 12 2.1 114 0.85 (0.33) 0.63 (0.13) 

9 yes 6 yes 6 8.6 91.67 1.12 (0.49) 0.97 (0.36) 

10 not used  not used yes 4 12.7 75.5 1.21 (0.43) 0.54 (0.10) 

11 yes 36 yes 12 7.1 105.3 0.99 (0.65) 0.43 (0.11) 
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Speech-related activity. STN LFP activity showed significant time-frequency modulations 

relative to baseline (Figure 3A) that were comparable with those obtained from the sensorimotor 

cortex (Figure 3B). There were significant decreases in z-scored spectral power in the alpha (8-

12 Hz) and beta (12-30 Hz) frequency bands and significant increases in z-scored power at high 

frequency ranges relative to baseline, as determined by the Wilcoxon signed-rank test (α = 0.05, 

FDR corrected). Increases in the spectral power occurred from 60 Hz to180 Hz for STN sites, 

and from 50Hz and onward for the cortical sites. In both cases, significant high frequency 

modulations occurred around 400 ms before speech onset and persisted until about 100 ms 

before speech offset for STN activity and until about 100 ms after speech offset for sensorimotor 

cortex activity. A more detailed examination of the z-scored spectral power in the high gamma 

frequency range over the spoken response window (500 ms before vowel onset and 500 ms 

after vowel onset) showed that in 86% (68/79) of STN sites and 95% (119/125) of sensorimotor 

cortex ECoG sites, high gamma power was significantly greater than baseline (Wilcoxon signed-

rank test at α = 0.05, FDR corrected). The subjects’ symptom severity (as measured by a total 

UPDRS score) was not correlated (Spearman's rank-order correlation test) with the average 

high gamma activity for the speech response window either in the STN (rs(10) = 0.37, p = 0.29) 

or the sensorimotor cortex (rs(9) = 0.43, p = 0.24). In the STN, averaged high gamma power 

significantly correlated with the location of recording sites along the ventral-dorsal axis in the 

MNI space (rs(79) = 0.53, p < 0.001) and anterior-posterior axis (rs(79) = 0.36, p = 0.0012), but 

not the lateral-medial axis (rs(79) = 0.03, p = 0.78). In contrast, we found no significant 

correlation between high gamma power and the location of the recording sites on the 

sensorimotor cortex. To explain the observed variation in the high gamma power across STN 

recording sites and to control for subject variability, we fitted linear mixed effects models 

(LMEM). The most parsimonious model included average high gamma power as a dependent 

variable, subjects as a random effect, and the location of recording sites along the ventral-dorsal 

axis (the MNI-defined Z coordinate) as a fixed effect. The outcome of the LMEM suggests that, 
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even after taking subject-to-subject variability into account, high gamma power changed 

significantly from dorsal to ventral parts of the STN, with greater high gamma power observed 

dorsally (estimated coefficient = 0.017, SE = 0.005, t = 3.19, p = 0.004). Mixed effects modeling 

of the high gamma response in the sensorimotor cortex did not yield significant effects.  

 

 

Figure 3. Subthalamic nucleus (STN) and sensorimotor cortex (SMC) show speech production-related time-
frequency modulations. A-B, Grand average of (A) STN and (B) SMC oscillatory activity (average z-scored spectral 
power) across all recording sites and all trials aligned to vowel onset (Time = 0 s, grey dashed vertical line). 
Significant modulations compared to baseline are marked in red contour (Wilcoxon signed-rank, p < 0.05, FDR 
corrected). Average speech production onsets and offsets are marked with grey dotted vertical lines. Rectangles with 
grey solid lines mark the time window (±500 ms from vowel onset) for the analysis of speech production-related high 
gamma (60-150 Hz) activity. C-D, Z-scored high gamma (60-150 Hz) power averaged for the 1 s time window (±500 
ms from vowel onset) plotted in 3D space for each subject’s (C) STN and (D) SMC recording site. The location of 
recoding sites is provided in MNI coordinates. 
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Representation of articulators. To examine the spatial distribution of speech articulator 

representations within the STN and sensorimotor cortex, we compared (Welch two sample t-

test) high gamma power in trials with the tongue as the main articulator vs. trials with the lips as 

the main articulator, at each recording site. We used the outcome of the t-test and the sign of 

the t-value to detect discriminative articulatory activity. For example, a significant (α = 0.05) and 

positive t-value indicated that a given site’s high gamma power was greater for consonants 

articulated with the lips than those articulated with the tongue; conversely, negative t-values 

indicated tongue-related activity. Eighteen STN sites (23%) out of a total of 79 were 

discriminative: 5 sites exhibited greater high gamma activity during articulation with the lips; 13 

sites were most active during articulation with the tongue (Figure 4A). Thirty-seven sites (30%) 

out of a total of 125 sites on the sensorimotor cortex showed lips-preferred activity (n = 19) or 

tongue–preferred activity (n = 18) (Figure 4C). An example of what constituted an articulator-

preferred activity is shown for representative recording sites in Figures 4B and D. The remaining 

sites at which a significant increase in high gamma power was observed produced an 

undifferentiated activity, i.e. they were equally active during articulation of both coronal and 

labial consonants. In the STN, recording sites with a tongue-preferred response appeared 

potentially to be located more dorsally compared to those selective for lips; however, the 

obtained t-values did not correlate significantly with any of three spatial orientation planes 

through the recording locations (ventrodorsally, anteroposteriorly, or lateromedially), according 

to a Spearman's rank-order correlation test. Modeling of the articulatory activity in the STN with 

mixed effects regression approach did not yield significant effects (the most parsimonious model 

included subjects as a random effect and recording locations along the lateral-medial axis (the 

MNI-defined X coordinate) as a fixed effect). In the sensorimotor cortex, t-values correlated 

significantly with the location of recording sites along the ventral-dorsal (rs(125) = -0.39, p < -

0.001) and lateral-medial (rs(125) = -0.35, p = < 0.001) axes. Modeling the articulatory effect 

with LMEMs produced similar results. Keeping subjects as a random effect, the most 
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parsimonious models yielded a significant effect of the recording location along the ventral-

dorsal (estimated coefficient = 0.064, SE = 0.022, t = 2.98, p = 0.004) and the lateral-medial 

(estimated coefficient = 0.148, SE = 0.053, t = 2.6, p = 0.011) axes. Thus, taking subject-to-

subject differences into account, the articulator-related activity in the sensorimotor cortex 

appeared to be somatotopically organized, with the recording sites exhibiting encoding of lip 

articulations located more dorsally (and medially due to the cortex curvature), and sites 

exhibiting encoding of tongue articulations distributed more broadly over the ventrolateral part of 

the sensorimotor cortex. 
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Figure 4. Spatial distribution of tongue- and lips-preferred articulatory activity in the MNI-defined STN space 
and sensorimotor cortex (SMC). A and C, Outcome of a series of t-tests comparing z-scored high gamma power 
(averaged for a 0.5 s long time window before vowel onset) during articulation of tongue consonants vs. lips 
consonants for each (A) STN and (C) SMC recording site. Opacity of the circles varies with the magnitude of the t-
value: negative t-values (in blue shades) suggest a greater response to tongue; positive t-values (in red shades) 
suggest a greater response to lips (Welch two sample t-test, p < 0.05). Note that the obtained t-values for the SMC 
sites differed significantly along the ventral-dorsal and lateral-medial axes (Spearman's rank-order correlation test, p 
< 0.01), suggesting articulator-discriminative somatotopy. Circles with black outline mark representative sites for 
tongue and lips, whose articulatory activity is plotted on the right. B and D, Examples of representative tongue-
preferred and lips-preferred sites for (B) STN and (D) SMC. A subtraction time-frequency representation is shown for 
(i) the tongue-preferred site after time-frequency representation for all trials with lips consonants is subtracted from 
time-frequency representation for all trials with tongue consonants, and for (iii) the lips-preferred site after time-
frequency representation for all trials with tongue consonants is subtracted from time-frequency representation for all 
trials with lips consonants. Grey filled contours mark significant time-frequency differences between the two 
conditions (Wilcoxon rank sum test, p < 0.05, FDR corrected). Rectangles with grey solid lines mark the time window 
(from 0.5 s before vowel onset until vowel onset) for the analysis of articulator-specific high gamma (60-150 Hz) 
activity. Differences in averaged z-scored high gamma power elicited by trials with the tongue articulation vs. the lips 
articulation are shown for tongue-specific (ii) and lips-specific (iv) sites (significant differences are marked with 
asterisks, Welch two sample t-test, p < 0.05). Gray bands mark the time window (from 0.5 s before vowel onset until 
vowel onset) across which high gamma power was averaged for the analysis of articulator-specific activity. 
Throughout i-iv, grey dashed vertical line represents vowel onset (Time = 0 s). Dotted vertical lines represent spoken 
response onsets and offsets for trials with tongue consonants (blue) and trials with lips consonants (red).  

 
 

To examine the time-course of articulatory neural encoding, we first compared amplitude and 

time of peak high gamma activity in the identified articulator-discriminative sites in the 

sensorimotor cortex and the STN. Because there was no significant difference in the average or 

peak high gamma amplitude between tongue vs. lips-preferred sites, high gamma activity was 

plotted for combined (tongue and lips) articulator-discriminative sites (Figure 5A). Mean 

amplitude of high gamma activity was significantly different between cortical (Mean = 0.36, SD = 

0.49) and STN (Mean = 0.16, SD = 0.15) recording sites (t(2478) = 16.66, p < 0.001), but the 

times of peak high gamma activity did not differ between the two structures (sensorimotor cortex 

(Mean = 0.017 s, SD = 0.22 s) and STN (Mean = 0.004 s, SD = 0.21 s), t(35.65) = 0.21, p = 

0.84). Next, for each articulator-discriminative recording site, we carried out a Welch two sample 

t-test for the high gamma power in tongue vs. lips trials at each time point (n = 51, ∆t = 40 ms) 

within the 2 s interval centered at vowel onset. Significant t-test outcomes (p < 0.05) indicating 

presence of articulatory discrimination at a given time point are plotted in Figure 5B. Such 

analytic strategy enabled interpretation of articulatory encoding regardless of the underlying 

high gamma amplitude. For example, negative and positive t-values with p < 0.05 indicated 
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tongue-preferred or lip-preferred activity, while t-values close to zero indicated indiscriminate 

articulatory activity because the underlying high gamma spectral power for labial and coronal 

consonants was similar (regardless of its amplitude). We found that the timing of the articulatory 

encoding varied across responsive electrodes, but was, overall, less variable in the 

sensorimotor cortex compared to the STN. In the sensorimotor cortex, high gamma amplitude in 

tongue vs. lips trials started to diverge significantly well before articulations (consistent with 

Bouchard et al. (2013)), however the bulk of significant observations concentrated around the 

time of consonant onset (Figure 5B). In the STN, significant articulator-discriminative 

observations were more broadly spread, often having two peaks. The number of obtained 

significant outcomes for each 

time point of the response was 

significantly greater for the 

cortical (Mean = 6.43, SD = 6.9) 

than the STN (Mean = 2.85, SD = 

1.7) recording sites (t(51.7) = 

3.43, p = 0.0012), but the times at 

which articulatory encoding 

(significant t-values) was 

observed on average did not 

differ between the two structures 

(sensorimotor cortex (Mean = -

0.052 s, SD = 0.53 s) and STN 

(Mean = 0.015 s, SD = 0.38 s), 

t(189.4) = -1.29, p = 0.2). 
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Figure 5. Time-course of the articulatory encoding in the subthalamic nucleus (STN) and sensorimotor cortex 
(SMC). A, Average high gamma activity in the STN and SMC articulator-discriminative recording sites. B, Distribution 
of significant outcomes (p < 0.05) of the Welch two sample t-test comparing z-scored high gamma power during 
articulation of tongue consonants vs. lips consonants at each time point of the STN and the SMC recordings. A-B, 
Dotted vertical lines represent consonant onset; vowel onset is at Time = 0 s. 
 

Discussion 

We analyzed local field potentials obtained from the simultaneous recording of the cortical and 

STN activity in 11 patients with Parkinson’s disease while they participated in a speech task 

during subcortical mapping for the implantation of DBS electrodes. We selected the speech 

stimuli such that articulation of the initial consonant engaged either tongue or lip musculature, in 

order to examine whether encoding of speech articulators, similar to that previously reported for 

the sensorimotor cortex, is represented in subthalamic high gamma activity. We found that STN 

high gamma activity does track speech production at the level of vocal tract articulators, with 

similar temporal, but different spatial organization of articulatory neural representations 

compared to that of the sensorimotor cortex. 

 

Speech-related activation. We found that speech production was accompanied by significant 

time-frequency modulations in both the STN and the sensorimotor cortex, namely, suppression 

of alpha and beta activity and increase in high gamma activity (above 50 Hz). In both cases, 

significant time-frequency modulations emerged about 400 ms before spoken response onset 

and persisted throughout the execution of speech. Desynchronization of alpha and beta activity 

and synchronization of high frequency activity have been previously reported as markers of 

ongoing movement and movement-related patterns in the STN (Androulidakis et al., 2007; 

Kempf et al., 2007; Lipski et al., 2017; Geng et al., 2018; Lofredi et al., 2018). However, only 

modulation of beta activity during speech production has been reported (Hebb, Darvas, and 

Miller, 2012). Thus, our results provide the first demonstration of high gamma synchronization 

before and during speech production in STN. Importantly, we show that the power of high 

gamma response changes significantly along the dorsoventral plane of the MNI-defined 
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locations of the STN electrodes, with greater high gamma power observed dorsally. This finding 

agrees with recent demonstration that subthalamic gamma power is greatest in the 

sensorimotor part of the subthalamic nucleus (Lofredi et al., 2018). Thus, in light of the existing 

conception of the parcellated organization of the STN into sensorimotor, associative, and limbic 

areas (Hamani et al., 2004; Temel et al., 2005; Haynes and Haber, 2013), our results show that 

articulatory aspects of speech recruit the sensorimotor region of the STN, and are in line with 

our previous findings showing speech-related increases in the firing rate of human STN neurons 

(Lipski et al., 2018). In contrast to the STN, the magnitude of cortical high gamma activity was 

not significantly different across recording locations. Given that the cortical recordings were 

confined to the orofacial segment of the sensorimotor cortex and the evidence of overlapping 

speech-related activation in the precentral and postcentral gyri (Cheung et al., 2016; Conant et 

al., 2018), this lack of spatial differentiation in the cortical high gamma activity is expected. 

 

Encoding of speech articulators. In order to further quantify the observed speech-related high 

gamma modulation in the STN and the sensorimotor cortex, we examined whether the two 

structures showed encoding specific to speech articulators. For the sensorimotor cortex, we 

found that 30% of recording sites revealed either lips-preferred or tongue-preferred activity, 

which had a topographic distribution: the electrodes located more dorsally on the sensorimotor 

cortex produced a greater high gamma power for the articulation of lips consonants while the 

electrodes that were located more ventrally yielded a greater high gamma power for tongue 

consonants. Thus, our results appear to recapitulate the expected dorsoventral layout for lips 

and tongue representations within the primary motor and sensory cortices (Penfield and 

Boldrey, 1937; Bouchard et al., 2013; Breshears et al., 2015; Chartier et al., 2018; Conant et al., 

2018). We found that the density of articulator-discriminative observations closely aligned with 

the consonant onset in acoustic speech production. This discriminative activity began to emerge 

about 500 ms before articulation, suggesting the potential encoding of pre-articulatory 
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preparatory processes like planning a motor command and retrieving the sensory 

representation of the intended articulatory target (Guenther, Ghosh, and Tourville, 2006). For 

the subthalamic nucleus, we found that 23% of recording locations showed articulator-

discriminative activity, with temporal onset also occurring before articulation, but without 

articulatory somatotopy. Previous studies demonstrating functional organization in the STN of 

human and nonhuman primates have used single unit recordings to demonstrate a crude 

somatotopy for arm-related and leg-related movements (Monakow et al., 1978; DeLong et al., 

1985; Wichmann et al., 1994; Nambu, Takada, Inase, and Tokuno, 1996; Rodriguez-Oroz et al., 

2001; Starr et al., 2003; Theodosopoulos et al., 2003), although reported representations for 

face, eyes and finer-grained movements with shoulders, elbows, knees, wrists, etc. have been 

less somatotopically consistent (e.g., DeLong et al., 1985; Wichmann et al., 1994). It should be 

noted that LFP recordings might not be expected to delineate a functional somatotopy, due to 

their representation of group level neuronal activity recorded from a much larger volume of 

tissue than the signal obtained from microelectrode recordings. In this respect, it is remarkable 

that we found evidence for articulator-level encoding in the LFP signal, which may indicate the 

encoding of aspects of speech production that are specific to these articulatory maneuvers but 

separate from their anatomical representation at the cortical level, such as effort or switching 

between motor plans (Redgrave, Prescott, and Gurney, 1999; Frank, 2006). Our study remains 

agnostic as to the exact computational processes underlying the observed articulator-related 

differences: it remains to be established whether they reflect musculature engaged in 

articulation, motor planning, control over kinematic trajectories, or alternatively higher-order 

speech-related processes.  

 

Limitations 

We acknowledge that the disease state is a potential confound to our results. We do not report 

control data collected from a non-PD population. Given that basal ganglia activity in PD patients 
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is characterized by reorganization of receptive fields and loss of specificity (Abosch et al., 2002; 

Hamani et al., 2004), we may be assessing an unknown amount of crosstalk or “motor overflow” 

of the signal related to different body parts (Bergman et al., 1998; Nambu, 2011). Additionally, 

we searched for articulator-specific somatotopy on the basis of 79 available STN recording 

locations with non-systematic spatial separation, which may represent inadequate sampling. 

Note that fine-wire EMG is not an option in awake neurosurgical patients, thus our experimental 

design did not allow us to measure articulatory muscle movement for correlation with 

intracranial signals. 

 

Summary 

These data are the first to demonstrate time-frequency modulations in STN activity that tract 

articulatory aspects of speech, corroborating recent evidence for speech production-related 

changes in the timing and the firing rate of the STN neurons (Lipski et al., 2018). A major 

strength of this study is that, by applying the same methodological and analytical approach to 

analyze simultaneous LFP recordings from the sensorimotor cortex and the STN, we could 

compare the neural response in the STN to that obtained from the sensorimotor cortex. After 

demonstrating the expected somatotopic differentiation of vocal tract articulators in the 

sensorimotor cortex, we showed that the STN also encodes speech articulators. Further 

elucidation of the role of cortico-basal ganglia interactions in the speech production network will 

be critical for improving our understanding of the neurobiology of speech dysfunction in basal 

ganglia disorders and related future treatments.  
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