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Abstract

Speaking precisely is important for effective verbal communication, and articulatory gain is one component of speech
motor control that contributes to achieving this goal. Given that the basal ganglia have been proposed to regulate the speed
and size of limb movement, that is, movement gain, we explored the basal ganglia contribution to articulatory gain, through
local field potentials (LFP) recorded simultaneously from the subthalamic nucleus (STN), precentral gyrus, and postcentral
gyrus. During STN deep brain stimulation implantation for Parkinson’s disease, participants read aloud
consonant-vowel-consonant syllables. Articulatory gain was indirectly assessed using the F2 Ratio, an acoustic
measurement of the second formant frequency of/i/vowels divided by/u/vowels. Mixed effects models demonstrated that
the F2 Ratio correlated with alpha and theta activity in the precentral gyrus and STN. No correlations were observed for the
postcentral gyrus. Functional connectivity analysis revealed that higher phase locking values for beta activity between the
STN and precentral gyrus were correlated with lower F2 Ratios, suggesting that higher beta synchrony impairs articulatory
precision. Effects were not related to disease severity. These data suggest that articulatory gain is encoded within the basal
ganglia-cortical loop.
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Introduction
Articulatory gain is the increase or decrease in speech move-
ment excursion of articulators that determines whether articu-
lation is precise (i.e., clear speech) or imprecise (i.e., mumbling).
Deficits in articulatory gain often occur in Parkinson’s disease
(Sapir et al. 2010; Sapir 2014; Guenther 2015; Behroozmand et al.
2018), implicating the basal ganglia-cortical loop in this process.

Few studies have directly measured basal ganglia neural activity
during speech production (Hebb et al. 2012; Hohlefeld et al.
2017; Lipski et al. 2018; Tankus et al. 2018; Chrabaszcz et al.
2019; Tankus and Fried 2019), none of which have examined
the neurobiological correlates of articulatory gain. Due to this
knowledge gap, articulatory gain is not adequately accounted
for in neurobiological theories of speech motor control (Hickok
2012; Guenther 2015), limiting efforts to develop treatments that
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Table 1 Participant demographic characteristics

Subject Gender Age Handedness Education,
years

Duration of disease,
years

Hoehn and
Yahr stage

UPDRS Score

1 Male 71 n/a n/a 6 2 35
2 Male 60 Right 12 14 n/a 53
3 Female 53 Left 12 22 n/a 26
4 Male 69 Right 14 9 2 46
5 Male 61 Right 16 5 2 31
6 Male 68 Left 16 8 2 50
7 Male 57 n/a n/a 7 2 44
8 Male 82 Right 16 8 n/a 36
9 Male 66 Right 19 7 2 45
10 Female 71 Right 16 8 n/a 24
11 Male 77 Right 18 10 n/a 27
12 Male 60 Right 13 6 2 39

ameliorate articulatory gain disorders and improve patients’
quality of life.

Theories of speech production presume that speech operates
by means of a neural network (Houde and Nagarajan 2011;
Hickok 2012; Guenther 2015; Behroozmand et al. 2018), the
anatomic nodes of which have been explored primarily by func-
tional neuroimaging, but also by electrocorticography (ECoG).
The precentral gyrus inherently is involved in articulatory
gain, as it is critical for speech production (Soros et al. 2006;
Eickhoff et al. 2009; Behroozmand et al. 2015) and contains a
somatotopic organization for the speech articulators (Bouchard
et al. 2013; Conant et al. 2014; Bouchard and Chang 2014a,
2014b; Bouchard et al. 2016; Chrabaszcz et al. 2019). Theoretical
studies, as well as studies in patients implanted with deep
brain stimulation (DBS) leads, also have highlighted the basal
ganglia as an important node in the speech motor control
network (Murdoch 2001; Bohland et al. 2010; Martel Sauvageau
et al. 2015; Aldridge et al. 2016). Evidence from studies of limb
motor control implicates the basal ganglia in movement gain
(Turner and Desmurget 2010). Given that neural activity in
the subthalamic nucleus (STN) is differentially modulated by
specific articulators (Chrabaszcz et al. 2019), we hypothesized
that measures reflecting aspects of articulatory gain may be
encoded in LFPs generated in the STN and precentral gyrus.

We developed an intraoperative protocol requiring patients
to read single words and pseudowords aloud during awake
DBS implantation surgery, while capturing electrophysiological
recordings simultaneously from both the sensorimotor cortex
and STN. We defined articulatory gain as the ratio of the sec-
ond formant frequencies in the patients’ production of the
vowels/i/and/u/(F2 Ratio). This measure has both theoretical
and clinical relevance, as was first proposed by Sapir et al.
(2010, 2007). Formant frequencies represent frequency regions
of increased intensity in the speech spectrum during vowel pro-
duction, which contribute to accurate speech perception (Kent
and Read 2002). Multiple formants exist, but the second formant
(F2) is most related to anterior–posterior tongue movements (i.e.,
tongue excursion) during vowel production (Kent et al. 1999).
Because of this relationship to tongue position changes, the F2
Ratio has been shown to differentiate between Parkinsonian
speech, characterized by reduced articulatory excursion, and
normal speech (Sapir et al. 2010), demonstrating its validity
for operationalizing articulatory gain. In addition, one internal
model of speech production (Perkell et al. 1997; Perkell 2012)
proposes that acoustic variables (i.e., formant frequencies) are

fundamental goals of articulatory movements. By examining the
neural signal simultaneously recorded from multiple cortical
regions and the STN, we demonstrate that changes in articu-
latory gain are associated with specific cortical-basal ganglia
network dynamics.

Methods
Subjects

Intraoperative recordings were obtained from patients with
Parkinson’s disease (Table 1) undergoing awake stereotactic
implantation of DBS leads in the STN; all participants were
native-English speakers. All procedures were completed with
the informed written consent of participants, in accordance with
a protocol approved by the University of Pittsburgh Institutional
Review Board (PRO13110420). Dopaminergic medication was
withdrawn overnight before surgery. Patients underwent
standard preoperative evaluations that included the Unified
Parkinson’s Disease Rating Scale (UPDRS) within 4 months
prior to surgery. Data from these subjects were also used in
a previously published study (Chrabaszcz et al. 2019).

Behavioral Paradigm

Participants were visually cued to read aloud a consonant-
vowel-consonant (CVC) utterance consisting of words and
pseudowords, which were printed on a black screen and
written in white lettering (Fig. 1). Stimuli were balanced on
psycholinguistic parameters (for a detailed description, see
[Moore et al. 2017]). Participants were encouraged to produce
the word as soon as the text appeared on the screen. Matlab
software (MathWorks, Natick, MA, USA) and Psychophysics
Toolbox extensions (Brainard, 1997; Pelli, 1997; Kleiner et al.
2007) were used to create the visual stimuli. All patients
underwent presurgical practice with the task to optimize
patient performance and ensure adequate understanding of
instructions. Participants performed between 2 and 4 sessions,
with 120 trials in a session. One trial consisted of one word or
pseudoword.

Cortical Recordings

ECoG recordings were collected during surgery using a tem-
porary subdural electrode strip, targeted to the ventral
sensorimotor cortex. The safety of this technique has been
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Figure 1. Task overview. During awake surgical implantation of deep brain stim-
ulation leads, participants were presented with written stimuli and were asked
to read the stimuli aloud. Spoken word is expressed through the International
Phonetic Alphabet.

described in 2 prior reports that represent a combined experi-
ence in over 500 subjects (Panov et al. 2017; Sisterson et al. 2021).
Recordings were collected using the Grapevine neural interface
processor (Ripple LLC, Salt Lake City, UT, USA) at a sampling rate
of 30 kHz. The electrode strip was inserted through the burr
hole after opening the dura. The majority (10) of electrode strips
were either 6 or 28 channel Ad-Tech electrode strips (Ad-Tech
Medical Corporation, Racine, WI, USA); however, 2 subjects were
implanted with 36 and 54 PMT electrode strips (PMT Corporation
Chanhassen, MN, USA). Analysis was limited to electrodes which
covered the precentral or postcentral gyri (n = 180). Electrode
recording locations were determined from reconstructions
using intraoperative fluoroscopic images, coregistered preoper-
ative and postoperative computed tomography (CT) images and
preoperative magnetic resonance imaging (MRI) scans following
procedures described in (Randazzo et al. 2016). The Randazzo
localization method was validated using a functional mapping
of electrode activation and inter-rater reliability procedures.
Procedures were validated by 3 independent reviewers and
spatial location was verified by functional analysis in motor
cortex. The technique utilizes an intraoperative fluoroscopic
image to accurately align the pre and postoperative images. The
CT scan and preoperative MRI were coregistered using mutual
information available on both images within SPM software. The
CT and MRI images were then rendered into a 3D skull and
brain using Osirix and Freesurfer software. These surfaces were
then uploaded into a custom Matlab user interface with the
intraoperative fluoroscopy image and aligned using common
landmarks such as implanted electrodes, stereotactic frame
pins, and skull outline. Localization of electrodes into patient
native space was conducted using the Freesurfer suite (Dale et al.
1999) (http://surfer.nmr.mgh.harvard.edu/) and a custom-made
graphical user interface in MATLAB. These localizations were
then registered into the Montreal Neurological Institute (MNI)
common space template using Brainstorm (Tadel et al. 2011)

(https://neuroimage.usc.edu/brainstorm/). Recording locations
were manually assigned to precentral gyrus or postcentral gyrus
based on native space anatomy, utilizing the central sulcus as
the primary demarcating landmark.

STN Recordings

Electrophysiological recordings were completed prior to bilateral
DBS lead implantation. LFPs were recorded using the Neuro-
Omega recording system and Parylene insulated, microphonic-
free tungsten macroelectrodes (0.55 mm in diameter, 1.4 mm
in length). The macroelectrodes were located 3 mm above the
high impedance contact of each microelectrode. Anatomical
locations of macroelectrode recordings were expressed in terms
of the microelectrode recording-defined STN boundaries along
each electrode trajectory. Recordings were obtained from a total
of 88 sites across all patients. Each recorded session repre-
sents a different depth within the STN. The microelectrodes
were oriented using 2–3 trajectories: central trajectory plus pos-
terior and/or medial trajectories. Thus, each macroelectrode
recording location was identified by its relative position within
the recording orientation (central, posterior, or medial) and the
percent depth through the physiologically defined STN within
that trajectory (with 0% representing the ventral STN bound-
ary and 100% representing the dorsal STN boundary). LFP sig-
nals were band-pass filtered at 0.075–400 Hz and digitized at
1375 Hz. Recording trajectories through the STN were recon-
structed using the Lead-DBS toolbox in Matlab (Horn and Kühn,
2015), based on identification of lead contacts in postopera-
tive CT scans (Fig. 2). Coregistration and normalization were
completed using MNI coordinates.

Audio Recording and Editing

Speech samples were recorded using an omnidirectional micro-
phone to limit distortion effects (Audio-Technica, Stow, OH;
model ATR3350iOS, frequency response 50–18 000 Hz; 4 partic-
ipants: Presonus, Baton Rouge, LA model PRM1 Precision Flat
Frequency Mic, frequency response 20–20 000 Hz). The micro-
phone was oriented at an angle of approximately 45◦ and a
distance of approximately 8 cm to the participant’s mouth. For
synchronization to the neural data, digital pulses were delivered
to both the Grapevine neural processor (digitized at 30 kHz) and
Neuro-Omega and labeled with digital pulse events at the onset
of each trial. Digital pulses were delivered through a USB data
acquisition unit (Measurement Computing, Norton, MA model
USB-1208FS).

Calculation of F2 Ratio

Articulatory gain was operationalized using the F2 Ratio, which
represents an estimation of anterior to posterior tongue move-
ment (Kent et al. 1999; Sapir et al. 2007; Sapir et al. 2010) and is
calculated by the mean second formant frequency of/i/divided
by the mean second formant frequency of/u/ (Fig. 3). The second
formant frequency was extracted from a time window that
covered the middle one-third of selected vowels using the Burg
algorithm in Praat (Boersma and Weenink 2019). Second for-
mants were extracted only from/u/and/i/productions (Fig. 1B).
Extractions were automatized using a custom Praat script and
verified post hoc by a speech language pathologist. Means were
calculated by averaging the second formant from all instances
of the respective vowels within a single session. Second formant
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Figure 2. Recording locations. (A) Cortical recording locations in precentral gyrus represented in red dots, and postcentral gyrus represented in green dots. Note that
one subject is not represented here in common space because transformation to MNI space could not be completed due to low imaging quality. (B) Subthalamic nucleus
recording locations in MNI coordinates. Depth, as represented in MNI coordinates, is depicted in greyscale to highlight depth differences.

means were then divided to determine the F2 Ratio for a session.
Each trial consisted of a stimulus with a single vowel which
limited the F2 Ratio analysis to a session level statistic rather
than trial level. Because the F2 Ratio measurement requires
2 vowels (/i/and/u/), the measurements were averaged across
multiple productions within a session. Averaging across session
was also completed to mitigate the effects of phonetic context
on the second formant (Stevens and House 1963; Hillenbrand
et al. 2001; Lee et al. 2005; Strange et al. 2007; Chladkova et al.
2011; Slis and Van Lieshout 2013), which was highly variable
across stimuli (Supplementary Fig. 2). Without averaging across
session, the measurement would not reflect articulatory gain,
but rather phoneme identity. The final F2 Ratio measurement
represents an indication of articulatory gain for a subject for a
particular session.

Data Selection

Trials were only included for analysis if the trial phonemes
could be clearly transcribed by the speech language pathologist,
a subject’s produced utterance matched the stimuli’s targeted
CVC structure, and a subject’s response included the stimuli’s
targeted phonemes. On the basis of these criteria, 359 (9.8%) out
of a total of 3669 recorded trials were rejected. See Table 2 for
more details.

Data Processing

An overview of data processing steps can be found in Supple-
mentary Figure 1. All electrophysiological data were processed
in MATLAB using custom scripts, the Statistical Parametric
Mapping (SPM12) (Wellcome Department of Cognitive Neu-
rology, London, UK) and Fieldtrip (Oostenveld et al. 2011)
toolboxes. Data were resampled to a sampling rate of 1 kHz,
and cardioballistic effects and line noise were removed using
a 1 Hz high pass filter and 58–62 Hz notch filter. To minimize
noise and ensure recordings were comparable across acquisition
environments, LFP signals were re-referenced offline to a
common average reference, which was applied over blocks

of electrodes connected by the same headstage connector
for the ECoG recordings and a standard procedure for STN
recordings (common average reference). Residual artifacts and
excessive noise were removed by visual inspection, leading to
a rejection of 4.8% of the data. For spectral decomposition, a
Morlet wavelet transformation was completed with 7 cycles
over frequencies between 1 and 200 Hz in increment steps
of 2 Hz with a time resolution of 40 ms. Signal amplitude
(power) was extracted from canonically defined EEG frequency
bands: theta (4–8 Hz), alpha (8–12 Hz), beta (12–35 Hz), low
gamma (50–90 Hz) (Lofredi et al. 2018) and high gamma (80–
110 Hz) (Crone et al. 1998; Ray et al. 2008). The signals were
then normalized to baseline using a z-score method; the
baseline period was 1 s long (250 ms before and 750 ms
after green cross presentation). Normalization equation is
below, x = signal.

(
x − Meanbaseline

)

SDbaseline
(1)

Statistical Analysis

All analyses were conducted in MATLAB 2017a (Mathworks
Inc., Natick, MA, USA), R version 3.4.4 (R Development Core
Team, 2018) and Praat (Boersma and Weenink 2019). A between-
subject and session design was utilized to examine naturally
occurring differences in articulatory gain between subjects and
sessions.

Electrophysiology data were imported into R (R Development
Core Team, 2018), then downsampled to 120 ms segments across
the speech task to conduct the following analyses: For the
cortical data, LFP power values were averaged across electrodes
in 2 regions of interest (ROIs): (1) the precentral gyrus and
(2) the postcentral gyrus. Downsampling and averaging were
performed after spectral decomposition to avoid smearing of
frequency content. We performed the ROI analysis instead of
an electrode-level analysis because the F2 ratio variance came
from across subjects and sessions, but the exact electrode
locations varied from subject to subject, making it impossible

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab251#supplementary-data
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Figure 3. Second formant frequency ratio (F2 Ratio) captures speech gain. (A) Power spectrum of the vowel/i/(as in “he”). (B) Power spectrum of the vowel/u/(as in “who”),
gray highlighting demonstrates the peak of the second formant (F2). The ratio of F2 of/i/vs. F2 of/u/provides an estimate of anterior to posterior tongue movement. In

this example, the F2 of/i/is approximately 2100 Hz, and the F2 of/u/is 900 Hz, yielding a high formant ratio of 2.3 (2100/900), characteristic of clear speech. (C) Schematic
of the tongue position during/i/production. (D) Schematic of the tongue position during/u/production. The difference between these positions is captured by the F2
Ratio because the F2 lowers as the tongue moves more posteriorly in the oral cavity. E. and F. Histograms of the averaged F2 gathered from each session. Participants
produced F2 Ratios between 1.05 and 1.87.
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Table 2 Data inclusion and subjects’ performance characteristics

Subject Cortical
recording

Number of
cortical
electrode
contacts

STN
recording

Number of
STN
electrode
contacts

Rejected
trials, %

Speech
latency (SD),
sec.

Speech
duration
(SD), sec.

F2 Ratio
(mean across
sessions)

No. of
sessions

1 Yes 6 Yes 6 34.2 1.24 (0.28) 0.63 (0.13) 1.18 2
2 Yes 28 Not used Not used 20.8 1.53 (0.41) 0.83 (0.29) 1.05 2
3 Yes Not used Yes 6 6.1 1.36 (0.61) 0.52 (0.12) 1.06 2
4 Yes 6 Yes 12 4.5 1.07 (0.98) 0.58 (0.09) 1.17 4
5 Yes 54 Yes 6 4.2 0.77 (0.15) 0.64 (0.16) 1.87 2
6 Yes 28 Yes 6 4.6 0.75 (0.16) 0.60 (0.16) 1.26 2
7 Yes 6 Yes 6 5 0.86 (0.19) 0.47 (0.10) 1.68 2
8 Not used Not used Yes 9 22.3 2.75 (1.94) 0.44 (0.08) 1.12 3
9 Yes 28 Yes 12 2.1 0.66 (0.22) 0.61 (0.13) 1.44 4
10 Yes 6 Yes 6 8.6 1.29 (0.58) 0.84 (0.23) 1.49 3
11 Not used Not used Yes 4 12.7 1.33 (0.49) 0.54 (0.13) 1.37 2
12 Yes 36 Yes 12 7.1 1.00 (0.86) 0.44 (0.10) 1.23 4

to correlate the F2 ratio with the signal at each individual
electrode. Signals in the STN were also averaged for each of the
central, posterior, and medial trajectories within a session. All
electrodes were included in analysis based on recent statistical
recommendations cautioning the practice of electrode selec-
tion by neural activation (Kriegeskorte et al. 2009) and the
possibility of atypical neural patterns contributing to motor
control processes (Eusebio and Brown 2009; Little et al. 2019).

Initial qualitative inspection of the neural data was com-
pleted by examining the power spectrum surrounding the time
of vowel onset (from t1 = −40 ms to t2 = 160 ms relative to vowel
onset), across varying levels of F2 Ratio performance. The power
spectrum was calculated on session level data. A linear model
was conducted across frequencies of the power spectrum, pre-
dicting normalized power from the frequency and F2 Ratio,
within a fixed time window (Equation 2). To descriptively ana-
lyze differences in power across F2 Ratio, the highest and low-
est F2 Ratios observed in behavioral performance were then
used to calculate predicted power across frequencies in each
region of interest. For all equations, Z = z-scored neural power,
f = frequency, t = time, β0= intercept, and β1= main effect.

Z[t1,t2](f ) = β0(f ) + β1(f ) × (
F2 Ratio

)
(2)

For the primary hypothesis that F2 Ratio would predict neural
power, a mixed effects model with neural band, F2 Ratio and
their interaction as independent variables and neural power as
the dependent variable was computed. A model was completed
at 2 separate time segments within each brain region of interest,
before speech production and during speech production. These
time segments were chosen to account for the possibility of an
articulatory gain relationship existing both during movement
preparation and execution. Subject was modeled as a random
intercept in order to account for data arising from multiple sub-
jects and a random slope of session was included. For all mixed
effect models, γ 0 = intercept, γ 1, γ 2, γ 3 = main effects, u = error
due to intersubject differences, and e = unexplained error.

Zij = γ0 + γ1(F2 Ratio) + γ2(band) + γ3(F2 Ratio X band) +
(u0j +eij) (3)

Recommended procedures to ensure the most parsimonious
model were followed for all mixed effects models (Matuschek

et al. 2017). To determine the overall interaction effect of band
and F2 Ratio, a type III analysis of variance was run on the
mixed effects model summary for each model, and P values
were false discovery rate (FDR) corrected within brain region
(2 models within a region) using the Benjamini and Yekutieli
(2001) procedure. Because the same hypothesis was tested in 3
different brain regions, a Bonferroni adjusted significance level
(alpha = 0.0167) was used to account for familywise error. Simple
slopes with pairwise contrasts were extracted from these mod-
els to determine the bands driving the significant prediction of
F2 Ratio to neural power. Mixed effects models were conducted
using the lme4 and lmerTest packages in R and simple effects
(slopes) were extracted using the function simple_slopes in the
CRAN package “reghelper”.

To control for effects related to Parkinson’s disease severity
(UPDRS scores) and physiologically defined depth in the STN,
mixed effect models were conducted to predict power from
these factors:

Zij = γ0 + γ1(UPDRS or depth) + γ2(band)
+γ3(UPDRS or depth X band) + (u0j + eij)

(3)

To measure functional connectivity between STN and cortex,
a phase locking value (PLV) was calculated at each time point
(10 ms intervals) and frequency for each STN-cortical contact
pair using Fieldtrip toolbox, where amplitude normalized cross-
spectral densities between paired complex signals were divided
by their respective auto-spectral densities (Lachaux et al. 1999).
Similarly, averaged PLVs were then extracted from standard fre-
quency bands for each channel pair. To examine the correlation
of STN-cortical functional connectivity with the F2 Ratio, aver-
aged STN-precentral gyrus PLV was obtained for each subject in
each frequency range by averaging PLVs across time points from
stimulus onset to speech offset, across all STN-precentral gyrus
contact pairs, and across all sessions. The equation for obtaining
PLV is included below. This defines the PLV between signals i and
j at time t and frequency f , where N is the number of trials and
ϕf,i(t,n) is the instantaneous phase of signal i in trial n at time t.

PLVf ,i,j(t) = 1
N

∣∣∣∣∣
N∑

n=1

e
−i

(
ϕf ,i(t,n)−ϕf ,j(t,n)

)∣∣∣∣∣ (6)
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Figure 4. Local field potential spectral power across frequencies around vowel onset as a function of formant ratio (F2 Ratio). (A) In the 200 ms surrounding vowel onset,
the z-scored spectral power was predicted by a linear model using F2 Ratio as a predictor (see Equation 2) in the subthalamic nucleus. (B) Linear model predicting F2
Ratio in the precentral gyrus and (C) Linear model predicting F2 Ratio in the postcentral gyrus. In all figures, raw neural data are shown in the blue lines, color coded
by corresponding F2 Ratio. Predicted spectral data are displayed in orange, red, and green to demonstrate patterns in variation as a function of speech gain (F2 Ratio)

(see methods for details). Frequency bands are outlined in pastel colors to denote cut offs for the canonical frequency bands utilized in further analysis (Figs 5 and 6).

Averaged STN-post central gyrus PLVs were obtained in a
similar way. A total of 10 subjects were used for this comparison.
A series of linear models were then conducted across frequen-
cies, predicting STN-precentral gyrus PLV or STN-postcentral
gyrus PLV from the F2 Ratio:

PLV(f ) = β0(f ) + β1(f ) × (
F2 Ratio

)
(7)

To assess for the effect of participant age and disease status,
the PLVs were correlated to UPDRS score and age using the
spearman correlation. Correction for FDR was applied to control
for multiple comparisons and alpha was set at 0.05 for PLV
analysis.

Results
Subjects and Behavioral Performance

Data were collected in 12 native-English speaking subjects with
Parkinson’s disease undergoing STN DBS implantation with
simultaneous research ECoG recordings. Subject demographics
and clinical characteristics are shown in Table 1, and their
behavioral performance is shown in Table 2. Participant age
ranged from 53 to 82 (mean = 66 years) with an average
UPDRS score of 38. Average duration of speech production
was 595 ms (SD = 131 ms), and average F2 Ratio was 1.32
(SD = 0.25). Test–retest reliability was calculated for the F2 Ratio
by correlating the first and second sessions across all subjects.
The Pearson correlation demonstrated significant reliability for
the measurement (r = 0.89, P < 0.001).

Between-subject LFP spectral power differences relate
to F2 Ratio

We first searched for changes in LFP spectral power that tracked
with between session differences in F2 Ratio on a session-by-
session basis. Each subject contributed between 2 and 4 sessions
of data. We performed a linear fit of z-scored spectral power
for each canonical frequency band in a 200 ms window around
the onset of vowel production. Once a model was constructed
for each brain region of interest, power predictions were cal-
culated to reflect the range of F2 Ratio values present in the

data. Predictions of the normalized power were calculated for
high F2 Ratio (1.87) and low F2 Ratio (1.05), creating power
values for 2 categories of articulatory gain at the extreme values.
These values were chosen because they reflect the range of F2
Ratio observed in the data. Spectral pattern differences were
observed between high and low F2 Ratio values, with alpha
frequency differences predominating in the precentral gyrus
and STN (Fig. 4A,B). Sessions with high F2 Ratio tended to have
high power in the alpha band, whereas those sessions with a
low F2 Ratio exhibited lower alpha band power. Based on this
analysis, we concluded that dividing the signal into canonical
bands was appropriate for further analysis because differences
appeared within canonical band ranges.

F2 Ratio correlates to cortical alpha and theta power

All available cortical recordings were utilized for this analysis
(subject N = 10, see Table 2 for corresponding session informa-
tion). Two mixed effects models were completed on averaged
time regions of data: (1) before vowel onset (t1 = 1.2 s before
vowel onset to t2 = vowel onset) and (2) during speech production
(t1 = vowel onset to t2 = 600 ms after vowel onset (Fig. 5A,B). Time
frames were determined by the average speech duration and
latency. For both models, the maximal model did not converge,
indicating overparameterization of the random effects. The ran-
dom slope was removed from the model and convergence was
achieved with a random intercept of subject. A significant posi-
tive main effect of F2 Ratio was found at the time before vowel
onset, indicating that F2 Ratio predicted neural power; how-
ever, it did not reach statistical significance at the Bonferroni
corrected alpha level of 0.0167 (F(4, 111) = 3.05, Padj = 0.03). For the
model during speech production, a significant interaction effect
between F2 Ratio and frequency band was found (F(4, 111) = 5.9,
Padj < 0.001), indicating that F2 Ratio predicted neural power, but
in only a subset of frequency bands. To determine which bands
were responsible for the effect, simple slopes from each band
were extracted from the model and this revealed an F2 Ratio
effect for alpha (simple slope = 1.44, P = 0.01) and theta bands
(simple slope = 2.6, P < 0.001) (Fig. 5B).

A mixed effect model was conducted before speech onset and
during speech production in the postcentral gyrus. Neither time
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Figure 5. F2 Ratio predicts neural power in alpha and theta bands in the precentral gyrus. (A) A mixed effects model predicting neural power from F2 Ratio before vowel
onset. Significant main effect of F2 Ratio across all bands was found before correcting for familywise error. (B) A mixed effects model predicting neural power from F2
Ratio during speech production. F2 Ratio by band Interaction effects are shown in panels above, with asterisk indicating a significant simple slope effect. A significant

interaction effect was found during speech, but not before vowel onset. P values were FDR corrected and a Bonferroni corrected alpha of 0.0167 was utilized to account
for familywise error. Gray shaded areas represent confidence intervals for the estimates.

region revealed a significant interaction effect; therefore, post
hoc testing was not completed.

F2 Ratio correlates to subthalamic alpha and theta
power

All available STN recordings were utilized for this analysis (sub-
ject N = 11, see Table 2 for corresponding session information).
Two mixed effect models were completed on averaged time
regions of data: (1) before vowel onset (t1 = 1.2 s before vowel
onset to t2 = vowel onset) and (2) during speech production
(t1 = vowel onset to t2 = 600 ms after vowel onset) (Fig. 6A,B). For
both models, the maximal model converged, and included both
a random intercept of subject and random slope of session. No
significant interaction effect or main effect was found for the
time region before speech onset, indicating no relationship with
F2 Ratio. For the time region during speech production, a sig-
nificant interaction effect between F2 Ratio and frequency band
was found (F(4, 112) = 7.8, Padj < 0.001) indicating that neural power
predicted F2 Ratio, but only in a subset of frequency bands. To
determine which bands were responsible for the effect, simple
slopes from each band were extracted from the model which
revealed a significant predictive relationship for alpha (sim-
ple slope = 1.17, P = 0.001) and theta power (simple slope = 1.15,
P = 0.0015) (Fig. 6B).

Significant effects were not driven by disease severity (as
measured by UPDRS) or recording location in either the cortex
or STN.

STN-Precentral Beta PLV Correlates to F2 Ratio

We next investigated the effects of the F2 Ratio during speech
on STN-cortical functional connectivity by calculating a PLV for

each STN-cortical region pair (Equation 6). Correlations were
computed on a subject-by-subject basis, rather than by ses-
sion. Significant correlation between F2 Ratio and average STN-
precentral gyrus PLV was observed, with a higher F2 Ratio asso-
ciated with a lower PLV between STN and precentral gyrus in
the beta band (Pearson’s ρ = −0.71, P = 0.022, Fig. 7A). In contrast,
subjects’ F2 Ratio was not significantly associated with STN-
postcentral gyrus beta PLV (Pearson’s ρ = −0.52, P = 0.12, Fig. 7B).
PLVs between STN and precentral gyrus and postcentral gyrus
in other frequency bands did not significantly correlate to the
F2 Ratio. Similarly, correlation analyses excluded the potential
effects of UPDRS score, age and the recording depth on STN-
cortical PLVs.

Discussion
These analyses of cortical and STN local field potentials
recorded during reading aloud by subjects with Parkinson’s
disease provide the first description of the neural correlates
of articulatory gain in the precentral gyrus and the STN,
fundamental nodes in the basal ganglia-thalamocortical motor
control circuit. These findings build on our previous work,
describing concurrent involvement of the STN and motor
cortex during speech that is specific to certain articulator
features (Chrabaszcz et al. 2019). The present study provides
additional insight into how speech may be modulated by
activity in the basal ganglia-thalamocortical loop. We found
that naturally occurring differences in articulatory gain were
correlated with normalized alpha and theta power in both
the precentral gyrus and the STN. No relationships between
articulatory gain and normalized power were observed for
any spectral band in postcentral gyrus, despite evidence for
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Figure 6. F2 Ratio predicts neural power in alpha and theta band in subthalamic nucleus. (A) A mixed effects model predicting neural power from F2 Ratio and band
was fit in an averaged time window before vowel onset. (B) A mixed effects model predicting neural power from F2 Ratio and band was fit in an averaged time window
during speech production. F2 Ratio by band Interaction effects are shown in panels above, with asterisk indicating a significant effect after corrections for multiple
comparisons both within brain region and across regions. A significant interaction effect was found during speech, but not before vowel onset. P values were FDR

corrected and a Bonferroni corrected alpha of 0.0167 was utilized to account for familywise error. Gray shaded areas represent confidence intervals for the estimates.

Figure 7. STN-Precentral gyrus beta functional connectivity as measured by phase locking value correlates to F2 Ratio. (A) Subjects’ F2 Ratios are plotted against the
average STN-precentral gyrus beta PLVs. (B) Subjects’ F2 Ratios are plotted against the average STN-postcentral gyrus beta PLVs.

STN-sensory cortex information transfer during handgrip force
generation (Lipski et al. 2017; Alhourani et al. 2020). Importantly,
Parkinson’s disease subjects with less-differentiated speech
production (lower articulatory gain) demonstrated greater
functional connectivity between the STN and precentral gyrus
in the beta band, consistent with idea that hypersynchronous
oscillations in this frequency band are related to bradykinetic
symptoms (Wichmann 2019). Together, these data suggest that

the precentral gyrus and STN participate in a network that
modulates articulatory gain.

Articulatory Gain Representation in the Precentral
Gyrus

The precentral gyrus is an important modulator of articulatory
gain. Articulator somatotopic organization of neural activity in
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the precentral gyrus is well established (Blakely et al. 2008;
Conant et al. 2014; Breshears et al. 2015; Chrabaszcz et al. 2019;).
We found that power in alpha and theta frequencies was posi-
tively correlated with the F2 Ratio. Alpha power demonstrated
a nearly identical positive relationship with articulatory gain
before and during vowel onset (Fig. 5A,B), suggesting that it is
not unique to motor execution of articulatory gain. Alpha band
activity may also reflect supportive processes, such as inhibition
of competing motor programs (Brinkman et al. 2014). Theta
oscillations have been proposed to play a significant role in the
neural processing that supports speech perception, serving to
“parse” the speech envelope and encode linguistic units at the
syllable level (Giraud and Poeppel 2012). Stimuli used in this
study consisted of single syllable units, supporting the idea that
modulations in articulatory gain occurring at the syllable level
are encoded in theta frequencies. Theta activity has also been
implicated in feedforward adaptive control of vowel production
(Sengupta and Nasir 2015, 2016).

It was surprising that gamma frequencies did not demon-
strate a relationship with articulatory gain because high-
frequency activity has been proposed to be modulated by
the phase of theta frequencies in speech production tasks
(Doesburg et al. 2012), has been described as integral to speech
processing (Giraud and Poeppel 2012) and has an established
role for articulatory kinematics in the cortex (Riecker et al. 2000;
Pulvermuller et al. 2006; Chartier et al. 2018).

Articulatory Gain Representation in STN

Evidence that the basal ganglia modulates articulatory gain
includes observations of hypo or hyperkinetic speech effects
associated with basal ganglia lesions (Murdoch 2001), Hunt-
ington’s chorea (Hartelius et al. 2003), and Parkinson’s disease
(Logemann et al. 1978). In addition, STN DBS has been shown
to reduce articulatory vowel space area (Martel Sauvageau et al.
2015), an alternative acoustic indicator of articulatory gain (Sapir
et al. 2010), and STN DBS can be associated with improvement
in voice function (Jorge et al. 2020). Our results add electro-
physiological evidence that the STN participates in aspects of
articulatory gain, via synchronization of neural activity in theta
and alpha bands. Effects found in the STN occurred exclusively
during speech production, in line with the concept that the
basal ganglia contributes to the online modulation of move-
ment (Tunik et al. 2009). The distinct positive shift in the theta
band relationship with articulatory gain from prevowel, flat
slope, to a clearly positive relationship during vowel production
(Fig. 6), further highlights the importance of the STN during
movement.

As in the precentral gyrus, STN alpha power was positively
correlated with the F2 Ratio. Interestingly, one of the few
previous studies to focus on alpha activity in the basal
ganglia found that complex fast arm movements cause
synchronized activity in the STN in the alpha frequency range,
but slow repetitive active or passive movements did not (Singh
et al. 2011). Alpha activity, therefore, may be required to
sustain more complex motor plans, like speech production.
A positive relationship was also found between theta band
power and articulatory gain. This finding warrants future
exploration, given the potential role of theta oscillations in
speech perception (Giraud and Poeppel 2012) and the proposed
role of subthalamic theta oscillations in cortical monitoring
(Zavala et al. 2016).

Articulatory Gain Representation in the BG-Cortical
Circuit

These articulatory gain-related power changes observed dur-
ing simultaneous recording of the precentral gyrus and STN
activity suggest that the basal ganglia and motor cortex are
linked in a speech production network (Murdoch 2001; Bohland
et al. 2010; Lipski et al. 2018; Chrabaszcz et al. 2019). Corre-
lations between individual frequency bands and articulatory
gain occurred earlier in the precentral gyrus compared to STN.
Relationships in the precentral gyrus occurred prior to move-
ment onset and during speech production (alpha and theta
bands), whereas the relationships in the STN only occurred
during speech production. To investigate cortical-STN functional
connectivity directly, we examined the relationship of oscilla-
tion phases between the STN and cortex. Phase locking of beta
oscillations between the precentral gyrus and STN was the only
connectivity measure found to correlate with articulatory gain,
demonstrating an inverse correlation with speech gain in each
location. Increases in a similar connectivity measure, coherence
between motor regions, has been attributed to motor plan-
ning, with lower coherence expected during motor execution
(Yeom et al. 2020); therefore our results of low PLV connectivity
related to high articulatory gain may reflect processes occurring
primarily during motor execution. This interpretation is also
consistent with the timing of the alpha and theta band effects,
which demonstrated the most robust F2 Ratio effects during
speech production. Excessive synchronization between cortical
and subcortical regions during execution may be detrimental to
optimal speech motor performance. In general, desynchroniza-
tion processes in beta band have been linked to a release from
maintenance of a static behavior (Engel and Fries 2010; Lipski
et al. 2017; Holt et al. 2019; Alhourani et al. 2020), previously
shown to occur with speech production (Hebb et al. 2012; Lipski
et al. 2018; Chrabaszcz et al. 2019).

Interestingly, in contrast to our previous studies of hand
grip force generation, where patterns of STN unit firing (Lipski
et al. 2017) and local field potential activity (Alhourani et al.
2020) indicated the flow of information between the STN and
parietal sensory cortex during movement, no relationship was
found between articulatory gain and activity in postcentral
gyrus or STN-postcentral gyrus functional connectivity. This
finding is surprising, as the postcentral gyrus is known to
receive information regarding motor output (Umeda et al.
2019), which seems likely be important for articulatory gain.
However, the F2 Ratio measures formant frequency information,
which is largely driven by changes in tongue position (Fig. 2),
and the electrode contacts in the postcentral gyrus may not
have provided sufficient coverage of the tongue sensory cortex
(Bouchard et al. 2013; Chrabaszcz et al. 2019) for signal detection.

Limitations

Anatomical specificity of the articulatory gain relationships was
limited by the behavioral calculations of the F2 Ratio. Patterns
in individual electrodes could not be analyzed because the F2
Ratio calculations were only possible at the session level, not
within trials, which prevented a within-subject single electrode
analysis. It was necessary to average data at the session level to
mitigate confounds of phonetic context on the primary outcome
variable, the F2 Ratio. Our study was conducted in patients
with Parkinson’s disease, which is known to affect articulatory
gain performance. Although disease severity did not explain
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the relationship found between the F2 Ratio and neural power,
it is possible that abnormal neural synchrony due to Parkin-
son’s disease influences these relationships. These results also
represent between-subject effects, which can be influenced by
intersubject differences.

Conclusions

Our data suggest that speech gain is represented in neural
activity of the basal ganglia-thalamo-cortical network. Patients
with high F2 Ratio, and therefore high articulatory gain, demon-
strated positive relationships in low frequencies, alpha and
theta bands. Articulatory gain relationships began earlier in the
precentral gyrus, beginning “before movement”, whereas cor-
related activity in the STN exclusively occurred “during move-
ment”, when low levels of beta connectivity between the pre-
central gyrus and STN were correlated with better articulatory
gain. These rhythms may reflect a framework in which cortical
areas prepare motor plans to optimize articulatory gain, and the
STN participates in modulation of these commands via activity
in alpha and theta bands within the basal ganglia-cortical loop.
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Supplementary material can be found at Cerebral Cortex online.
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