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SUMMARY

Speech production engages a distributed network of cortical and subcortical brain regions. The supplemen-
tary motor area (SMA) has long been thought to be a key hub in coordinating across these regions to initiate
voluntary movements, including speech. We analyzed direct intracranial recordings from 115 patients with
epilepsy as they articulated a single word in a subset of trials from a picture-naming task. We aimed to char-
acterize the temporal dynamics of SMA relative to other cortical regions. SMA and preSMA were among the
first regions to activate after cue onset, peaked in activity before articulation onset, and were the earliest re-
gions to predict trial-to-trial response time. Neural activity at single electrodes in SMA and preSMA was
closely associated with speech initiation; activity began at a highly predictable time after stimulus onset
and extended until speech onset for any given trial. Our results support the idea that SMA is a key node in

the speech initiation network.

INTRODUCTION

Initiation of voluntary movement requires coordinated activity
between brain regions specifying movement context and contin-
gencies and brain regions executing motor plans and monitoring
their sensory consequences. The supplementary motor area
(SMA) has long been proposed as a critical node in coordinating
these processes across many voluntary movements, including
propositional speech in humans.?®> SMA stimulation can result
in speech arrest,® and SMA lesions may result in impaired prop-
ositional speech.”’ Yet, its contribution to speech production re-
mains poorly characterized compared to lateral speech areas,
such as ventral sensorimotor cortex (vSMC) and premotor cor-
tex, due to methodological limitations. While fMRI has been
used to probe SMA’s role in speech,>'" its temporal resolution
precludes conclusions on the timescale necessary for speech
(tens of milliseconds). Temporally resolved non-invasive meth-
odologies also present challenges for studying SMA and speech;
signal quality in medial areas is low in magnetoencephalogra-
phy,'? and event-related potentials in scalp electroencephalog-
raphy (EEG) do not localize to a specific area of cortex.”'®
Finally, while human intracranial recordings have been key to
elucidating the cortical control of speech articulators''® and
speech initiation,'”*° they have mostly been limited to lateral

frontal and rolandic gyral cortex due to clinical considerations
in epilepsy surgery.

Single-unit recordings and local field potentials (LFPs) from non-
human primates reveal that SMA and preSMA play an important
role in initiating®" and sequencing®®®® limb movements. SMA
has robust structural connectivity via the frontal aslant tract to
ventral premotor and sensorimotor speech cortices, concordant
with a putative role for the SMA initiating a “go” signal or “igniting”
speech motor output.>**> Some current models of speech pro-
duction thus hypothesize that the cascade of speech motor areas
begins with coordination between basal ganglia and SMA,° but
direct, temporally precise evidence for this in humans is lacking.

We utilized fine-grained human intracranial EEG (iEEG) record-
ings to analyze the activity of the SMA relative to the activation of
the speech motor network via large-scale intracranial recordings
(n = 115 patients, 125 implants) in a picture-naming task.”” Pene-
trating depth electrodes covered the broad articulation network,
including the medial frontal cortex (i.e., preSMA and SMA). Further,
we achieve unprecedented temporal precision by analyzing the
repetition of a single stereotyped word—“scrambled” —that par-
ticipants produced scores of times in response to a jumbled image
(8,078 total trials). This enabled the investigation of trial-by-trial var-
iations in response time (RT), without the confound of varying
phonological or semantic features.
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Figure 1. Experimental design and cortical
coverage

(A) Patients articulated “scrambled” in response
to an incoherent image in one-third of trials (left) or
named common objects in two-thirds of trials
(right, gray overlay).

(B) Coverage of language-dominant cortex with

intracranial EEG. Implanted electrodes registered
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RESULTS

Overview

115 patients with epilepsy completed a picture-naming task
from the Snodgrass and Vanderwart® picture set with stereo-
EEG (sEEG) (n = 86 implants) or subdural grid electrode (SDE)
(n = 39 implants) recordings (Figure 1A). Electrodes extensively
covered the language-dominant hemisphere in both lateral areas
and medial areas (Figures 1B and 1C). In this study, we focus on
the control condition of the picture-naming task, in which
subjects responded to incoherent images with the word “scram-
bled.”?” 82 + 21 (mean + SD) scrambled trials were presented
per subject. Across the cohort, the word “scrambled” was
produced 10,788 times.

Behavioral analysis

Mean accuracy across the cohort during the scrambled trials
was 98% + 4% (range: 67%-100%). Mean RT across the cohort
was 1,139 + 298 ms. sEEG subjects responded, on average,
214 ms faster than SDE subjects (unpaired t test, t(123) = 4.42,
p < 0.001, 95% confidence interval [CI] 118 to 310 ms), likely
as patients with SDEs generally require a greater dosage of nar-
cotics after surgery®®*° (Figures 2A and 2B). The mean duration
of articulation of “scrambled” was 638 + 110 ms.
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(C) Cohort coverage map on semi-inflated sur-
face.

We were interested in the articulatory
variability of this single stereotyped
word “scrambled” within and across
subjects. Using the Montreal Forced
Aligner,®> we identified approximate
phoneme boundaries for each ‘“scram-
bled” production in subjects with suffi-
ciently clear audio recordings (n = 40 sub-
jects) (Figures 2C and 2D). Articulatory
variability of each phoneme in “scram-
bled” accumulated variability of preced-
ing phonemes; the first phoneme’s offset
standard deviation was 59 ms relative to
speech onset, while the last phoneme’s
offset standard deviation was 131 ms
relative to speech onset. It is worth noting
two aspects of “scrambled” articulation
in the dataset. First, the second syllable
was often greatly reduced, such that
the spectral energy in the first syllable exceeded that of the
second.*® Second, we observed variability in the presence of
the word-final phoneme/d/. Some subjects articulated “scram-
bled” while others articulated “scramble.”

4D global mean broadband gamma power dynamics

To inspect cortical activity across the cohort during stereotyped
word articulation, we utilized a surface-based mixed-effects
multilevel analysis (SB-MEMA) technique that reliably co-regis-
ters activity across subjects onto a population standard surface,
robustly accounts for trial and subject outliers, and infers activity
at every point on the cortical surface.>**®> We used broadband
gamma activity (BGA, 70-150 Hz) at each electrode as it is asso-
ciated with both local spiking activity®® and blood-oxygen-level-
dependent response.®” Repeating SB-MEMA analyses in short,
overlapping windows (10 ms steps, 150 ms duration) resulted in
a 4D representation of cortical dynamics during the articulation
of “scrambled” (Figure 3; Videos S1 and S2). We performed
this analysis time-locked to speech onset (Video S1) and time-
locked to stimulus onset (Video S2).

As expected, occipital cortex was the earliest region in both
hemispheres to activate in response to the visual cue. Around
200 ms after stimulus onset, SMA, precentral sulcus, and poste-
rior inferior frontal sulcus (IFS; Video S2) became active. A short
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Figure 2. “Scrambled” response time and
articulatory variability
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(A and B) Mean (A) and standard deviation (B) of
response time (RT) distributions for all subjects
and separately for sEEG implants only, and SDE
only. Each data point represents the mean or
standard deviation of RT for a single subject. Box-
and-whisker plots indicate median, upper and
lower quartiles, and extent of outliers. Half-violin
plots depict probability density estimates for each
dataset using default parameters of the ksden-
sity() MATLAB function.®’

(C) Spectrogram and corresponding phoneme
boundaries identified by the Montreal Forced
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sEEG SDE Aligner (McAuliffe et al., 2017) for one “scram-
bled” production. Time-zero is word onset as
manually labeled by inspecting the spectrogram.

(D) Probability distribution function of phoneme
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time later (~250 ms), the anterior IFS and superior frontal sulcus
became active. At 400 ms, premotor, primary motor, and senso-
rimotor regions became engaged and remained active for the
duration of the articulation of the word. When visualizing timing
of peak BGA activity (Figure 3B), the SMA’s activity is partially
coincident with IFS (purple) and precedes subsequent motor
and premotor areas (orange).

We did not observe a somatosensory articulatory map emerge
at cohort level in ventral precentral gyrus and postcentral gyrus
(postCG) despite the stereotyped nature of the articulation; in
the population map, ventral and dorsal pre- and postcentral
gyri engaged simultaneously. Given the existence of articulator
maps in single-subject and few-subject studies,*® the absence
of a population map may be the result of inter-subject anatomical
and functional variability.

BGA in articulation regions of interest
We next sought to compare SMA and preSMA activation time
courses to that of other speech motor regions. Using the global
activation maps (Figure 3; Video S1), we probed 12 anatomical-
functional regions of interest (ROIs) in the language-dominant
hemisphere (Figure 4A; see STAR Methods for ROI definitions).
In addition to the supra-sylvian speech production network, we
included Heschl’s gyrus and planum temporale given their pro-
posed role in articulation monitoring and error detection.®%“°
ROl trial-averaged time series traces revealed a cascade of ac-
tivations with varying onsets of activation, rates of activation,
magnitude of activation, and duration of activation (Figure 4B).
Along with preSMA and SMA, IFS was among the earliest re-
gions to engage and to peak. IFS diverged from medial frontal

e
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offsets color-coded from phonemes in (C). These
distributions were generated from a subset of
subjects (n = 40) with sufficiently clear audio for
automated phonemic transcription.

activity; however, in that, its activity
was sustained beyond speech onset.
PreSMA and SMA activity quickly
declined after peaking, while IFS activity
was sustained throughout articulation.
IFS was also unique among ROls in its
biphasic profile; it had a local maximum 250 ms before speech
onset and, interestingly, another around 400 ms after speech
onset (Figure 4B, right). Some regions, like preSMA, had quick-
rise (~300 ms) activation profiles while others, like postCG,
ramped up slower throughout 500+ ms (Figure 4B). Activity in
precentral gyrus, subcentral gyrus, and postCG peaked just after
articulation onset, and these sites remained active even after
articulation offset.

A subset of pars opercularis and pars triangularis electrodes
were task activated (Figure 4A). They were, however, low in
activation amplitude (Figure 4B) and inconsistent enough to be
absent in the MEMA analysis (Figure 3), in line with recent evi-
dence suggesting that inferior frontal gyrus plays only a minor
role in speech articulation.'~**

In addition to these trial-averaged analyses, we bootstrapped
BGA traces within each region to estimate 95% confidence inter-
vals of BGA timing features: time to peak BGA amplitude and the
time to the first time point at which BGA was greater than
baseline (Table 1). Median (95% CI) time to peak BGA relative
to stimulus onset was 540 (460-600) ms for preSMA and 590
(530-650) ms for SMA. Activity in preSMA and SMA peaked prior
to speech onset; median (95% CI) time to peak BGA relative to
speech onset was —240 ms (—330 to —190) for preSMA and
—170 ms (—230 to —150) for SMA. IFS and preSMA “time to
peak amplitude” confidence intervals intersected; we cannot
therefore make any statements about their relative timing. IFS
and SMA, however, had non-overlapping intervals, providing
evidence that IFS time to peak precedes SMA time to peak.

Spectrograms were calculated for each of the ROls to inspect
full-spectrum changes relative to baseline (Figure 4C). In all
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ROIs, BGA increases were expectedly accompanied by beta
decreases. PreSMA beta decreases were smaller than other re-
gions when scaled by BGA increases.

SMA activity predicts trial RT

To further probe the role of SMA in speech initiation, we asked
how does single-trial BGA in SMA and preSMA contribute to
the prediction of RT? The highly stereotyped nature of the
“scrambled” articulations eliminated confounds of other linguis-
tic variables. We ran linear mixed-effects models in each ROI, for
each 10 ms interval, modeling BGA as a function of RT (fixed ef-
fect) and electrode, nested within subject (random effects). We
found neural activity in SMA was modulated by RT early—just
270 ms after stimulus onset—and that preSMA and IFS followed
SMA about 50 ms later (Figure 4D). Activity in pars opercularis,
pars triangularis, and precentral sulcus did not co-vary with RT
despite early activation (Figure 4D). Speech monitoring regions,
Heschl’s gyrus and planum temporale, showed initial signifi-
cance around the earliest articulation onsets given that they
are time-locked to articulation.

Drivers of activation in SMA

The aforementioned analyses highlighted the early role of SMA
and preSMA in the cascade of regions leading up to articulation.
We did not observe meaningful differences between SMA and
preSMA in previous analyses, so we included electrodes from
both regions in subsequent analyses. We next inspected individ-
ual electrodes in these regions more closely to characterize their
patterns of activation (Figure 5). Electrodes displayed variable re-
sponses across the region (Figures 5A and 5B), but a stereotyped
response was evident (Figures 5C and 5D). Electrodes activated
at a predictable time after stimulus onset and disengaged at a pre-
dictable time prior to speech onset or at speech onset (Figure 5D).
Given the homogeneity of the “scrambled” trials, we attributed
this trial-to-trial variability as primarily indexing the readiness of
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Figure 3. Cohort broadband gamma activ-
ity inferred with surface-based mixed-
effects multilevel analysis

(A) Peak mean BGA percentage thresholded at
15% increase relative to baseline.

(B) Timing of peak BGA with respect to stimulus
onset. Refer to Video S1 for the full 4D rendition in
both hemispheres.

the speech production system to articu-
late. If this reasoning were true, coherent
trials in which the participant named an
object (e.g., apple) should follow the
same pattern. Indeed, in coherent trials
(which had longer RT than “scrambled”
trials), electrodes activated at the same
time as in “scrambled” articulation, but
then sustained activation until speech
onset (Figure 5D, red). Thus, BGA was
prolonged in trials with greater RT.

To assess if these RT-driven elec-
trodes are modulated by other behavioral
correlates (e.g., articulatory complexity), we tested the sensitivity
of BGA in coherent trials from the picture-naming task at the
group level with linear mixed-effects modeling (Figure 6). We
modeled BGA in the 300 to 600 ms window post-stimulus as a
function RT, number of syllables, word frequency, and phono-
logical neighborhood. We were thus able to test how RT (relative
to other behavioral predictors) contributes to BGA in a held-out
dataset. The linear mixed-effects model (300-600 ms post-stim-
ulus, r? = 0.58) showed that BGA was significantly modulated by
RT (t(5627) = —4.0, p < 0.001, 95% Cl —35 to —12) and word fre-
quency (t(5627) = —2.5, p =0.012, 95% Cl —29 to —4). Number of
syllables (t(5627) = —0.9, p = 0.35, 95% CI —16 to 6) and phono-
logical neighborhood density (t(5627) = 1.1, p = 0.25,95% CI —4
to —14) did not significantly modulate BGA in SMA.

DISCUSSION

Speech initiation requires coordination across multiple cortical
regions. The SMA, among other roles in speech,*® may relay a
“go” signal from the basal ganglia when high-level language
areas and low-level sensorimotor areas are all ready to initiate
a speech sequence. Here, we analyzed intracranial recordings
as subjects repeatedly (~80 times) articulated the word “scram-
bled” during a picture-naming task. We found evidence largely
concordant with the idea that the preSMA-SMA complex is a
key node in the brain’s speech initiation network.

From a comprehensive 4D cortical atlas, we extracted a cohort
to show that the preSMA and SMA, along with IFS, are the earliest
cortical speech regions to activate during cued, stereotyped word
production (Figures 3 and 4B; Videos S1 and S2). Additionally, ac-
tivity was predictive of articulation onset at the single-trial level, and
again it was one of the earliest regions to do so (Figure 4D). Finally,
we uncovered a stereotypical BGA response in preSMA and
SMA during articulation preparation, with some electrodes
showing remarkably consistent time-locking to intent-to-speak
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Figure 4. Language-dominant hemisphere broadband gamma activity in regions of interest: trial-averaged and single-trial response time
correlation

(A) Regions of interest delineation on the standard cortical surface. Every electrode localized to the region is shown. Active electrodes are colored according to
region. See (B) and (D) for color code and region names. Inactive electrodes are depicted in black.

(B) Average BGA traces for each ROI time-locked to stimulus (left) and to speech onset (right). Periods of significant activation above baseline (Wilcoxon signed-
rank, FDR-corrected, q < 0.05) are indicated in the bottom panel. ROls are sorted by onset of significance.

(C) ROI-averaged spectrograms time-locked to stimulus onset in the 12 ROlIs.

(D) Linear mixed-effects (LME) modeling of BGA as a function of response time (RT) in each ROI. LME beta values were half-wave rectified —interpretable as
positive beta values indicating greater BGA in faster RT trials. The distribution of cohort RTs is plotted above in gray, with the dashed lines denoting the fifth
percentile and median RTs. Shaded area extending upward from the beta curve denotes standard error. Time points which reach significance (FDR-corrected,
q < 0.05) are filled in under the curve. Abbreviations: IFS, inferior frontal sulcus; preCS, precentral sulcus; parsTri, pars triangularis; parsOp, pars opercularis;
preSMA, pre-supplementary motor area; SMA, supplementary motor area-proper; preCG, precentral gyrus; SCG, subcentral gyrus; CS, central sulcus; postCG,
postcentral gyrus; HG, Heschl’s gyrus; PT, planum temporale.

and articulation onset (Figures 5C and 5D). preSMA and SMAelec-  longer RT (Figure 5) and (2) other factors, like articulatory
trodes were modulated almost exclusively by RT, a conclusion = complexity, accounted for an insubstantial portion of BGA vari-
supported by the fact that (1) BGA was prolonged in trials with  ance (Figure 6). This is in line with the idea that preSMA and
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Table 1. Timing features of BGA traces across regions of interest

Region Time to peak Amp (ms) Time to first Amp > baseline (ms)
IFS 460 (450-520) 120 (90-130)
preSMA 540 (460-600) 160 (130-180)
SMA 590 (530-650) 140 (90-170)
parsTri 670 (580-720) 240 (51.25-270)
parsOp 750 (640-860) 130 (20-170)
CS 1,030 (990-1,060) 130 (80-208.75)
preCS 1,040 (980-1,310) 100 (40-145.25)
preCG 1,100 (970-1,160) 20 (10-120)
postCG 1,130 (1,070-1,240) 160 (70-210)
SCG 1,220 (1,190-1,370) 250 (10-320)
HG 1,360 (1,310-1,400) 690 (90-760)
PT 1,360 (1,280-1,430) 50 (10-120)

Timing features within each ROI were calculated by bootstrapping trial traces (see STAR Methods). Times are reported as “median (95% confidence
interval)” with respect to stimulus onset. Time to peak Amp is the time point at which BGA reached maximum. Time to first Amp > baseline is when a
region first activated with respect to baseline. ROIs are sorted by time to peak Amp. ROI abbreviations are as enumerated in Figure 4 legend.

SMA lie at the heart of the speech initiation circuit.?® Our results do
not directly support the idea that preSMA and SMA initiate linguis-
tic units smaller than words (like syllables or phonemes), nor the
idea that preSMA and SMA encode indices of articulatory
complexity like syllable count or phonological neighborhood; how-
ever, these factors may modulate the supplementary motor cortex
activity at smaller spatial scales than LFPs.*?

Previous non-invasive® and invasive“®*” studies have yielded
conflicting results regarding whether SMA is primarily involved in
pre-movement planning window prior to speech onset or primar-
ily engaged during speech execution, or both. Our results pri-
marily support the preparation-window thesis; activity at the
group (Figure 4) and single-electrode level (Figures 5D and 5E)
was largely constrained to the pre-speech window. There
were, however, some electrodes which revealed execution-win-
dow activity (that is, during speech) (Figure 5A).

The role of SMA in speech initiation and timing

Penfield and Welch® established a causal role of the SMA in
speech production with electrical cortical stimulation. Since
then, the SMA has been further described as the site of “speech
motor emission”® and of speech gesture sequencing.”® EEG
studies revealed that SMA is the earliest region to peak in neural
activity during speech production and that SMA activity peaks
just prior to speech onset.***° While the SMA is recognized in
some current models of speech production,?® it is absent in
others.’®>" Recent evidence of SMA in non-human primates has
supported the idea that the SMA area mediates motor gesture
release. SMA maintains both internal (perceptual) and external
(motor) rhythms in rhesus monkeys, suggesting that SMA is not
only responsible for voluntary motor initiation but also for manag-
ing rhythmic motor commands.®?°* Speech production, pseudo-
rhythmic itself,>>°® may recruit SMA for monitoring and managing
the release of speech motor commands at regular intervals.*> Our
results corroborate the motor-release hypothesis for a single word
but are agnostic to the question of phrase or discourse-level
speech.

6 iScience 28, 111531, January 17, 2025

The DIVA/GODIVA computational model of speech production
has developed to include the SMA and preSMA to account for
SMA'’s reliable activation in even simple speech utterances and
preSMA’s role in speech sequencing.?®°"°® GODIVA hypothe-
sizes that preSMA and IFS instantiate a “cognitive context”
that holds context in memory until the appropriate motor gesture
has been produced, at which point preSMA sends an initiation
signal to SMA. SMA, in turn, interfaces with basal ganglia to
“release” the planned speech acts.”®*® Our results suggest
that, at the LFP level, words are the units of release for the region,
rather than the syllables or phonemes within the word; we
observed activity prior to speech onset only, rather than peaks
of activity for each syllable or phoneme (Figure 5). Our results
begin to clarify the nature of SMA’s “release” of motor com-
mands in the model. Previously, various possibilities existed
for how this was achieved. For example, SMA could activate
just prior to speech onset—independent of reaction time—if it
were receiving a transient “go” signal from the basal ganglia.*®
Our results, however, suggest that the stereotypical SMA
response is time-locked to both intention to speak (cue onset)
and the release of the motor command (speech onset). Thus, it
is the silencing of BGA in SMA that indexes with the release of
motor commands at the LFP spatial scale.

SMA activity offset coincided with vPMC and M1 activity onset
at speech onset. This, along with existing literature, is in line with
that the SMA coordinates the concerted activation of vPMC and
M1. But future research establishing a causal connection will
need to elaborate on this speculation.

SMA and preSMA are known to have different cytoarchitec-
tonic compositions,®® functional connectivity,®® and structural
connectivity.25 These differences are, however, manifested in a
slow gradient fashion across the medial premotor cortex rather
than respecting microanatomical landmarks.?®" Our analyses
did not reveal striking differences between the two regions.
Denser coverage in future iEEG studies may reveal patterns we
did not have the sensitivity for in the current study. Different
task demands, such as sentence articulation or a task requiring
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Figure 5. Functional broadband gamma activity in SMA for both scrambled and coherent picture naming conditions
(A) Mean BGA traces for scrambled trials for each electrode in the SMA or preSMA ROls, locked to stimulus onset (left) or articulation onset (right), highlighting

exemplar electrodes used for further analysis.

(B-D) Exemplar electrodes from three different subjects: (B) locations in group-normalized space, (C) mean BGA traces (+ SE) for coherent (red) and scrambled
(purple) trials, and (D) trial-by-trial raster plots of BGA for coherent (red) and scrambled (purple) trials, sorted by trial RT.

prosodic control, might also help disentangle these regions
further.

SMA in pathological speech

The SMA has been implicated in a number of speech production
disorders: namely, stuttering,®®°>® apraxia of speech,®**° SMA
syndrome,®®®” and idiosyncratic aphasias.®® SMA is often un-
derstood as a messenger node relaying sensorimotor context
and timing information during production from basal ganglia
and thalamus to appropriate cortical areas.®® Our results corrob-
orate this hypothesis by providing evidence for the SMA'’s role in
speech initiation.

The high recovery rate of SMA syndrome®”"*"" and SMA le-
sions®® suggests that while SMA is indispensable for speech
initiation in a neurologically intact brain, the initiation network is
degenerate,”” with compensatory mechanisms readily available.
The left and right SMAs may complement each other to a greater
degree than other speech motor nodes, as SMA syndrome re-
covery is associated with increased right SMA connectivity
with lateral speech regions.®”"®

SMA in brain-computer interfaces

We suggest that future brain-computer interfaces can leverage
SMA to index timing of voluntary speech acts. SMA was the
earliest predictor of speech onset. 250 ms after stimulus presen-
tation, SMA activity significantly predicts RT. vSMC, which has
been used to detect speech onset, becomes predictive more
than 100 ms later, at 380 ms (Figure 2). In addition to offering
an earlier prediction of voluntary speech acts than vSMC, SMA
is a better speech detector in that (1) it may be more active
than vSMC during imagined, unexecuted speech’*"® and (2) it
houses single-site predictors of speech onset, which would
alternatively have to be derived from the activity across many
electrodes in vSMC."®

Other early-activation regions: IFS

Other speech network nodes were consistently active early in the
pre-articulation window. Most notably, IFS activated and peaked
at times on par with the SMA complex (Figure 4B, Table 1, and
Video S1). In contrast to SMA complex, however, IFS is likely
not critical in speech initiation based on our results here as
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well as evidence from previous studies. First, IFS was active
throughout articulation rather than only in the pre-articulation
window, in contrast to SMA complex (Video S1; Figure 4B). Sec-
ond, although IFS preceded SMA complex in its time to peak
amplitude (Table 1; Figure 4B), it lagged SMA complex in its
ability to predict RT (Figure 4D), and we interpreted RT prediction
as the most meaningful feature in defining speech initiation re-
gions. Lastly, previous work has suggested that IFS is part of a
speech planning network that buffers sounds in verbal working
memory for upcoming utterances.®2° Our results are concordant
with this hypothesis. IFS was the only region with a biphasic BGA
profile (Figure 4B). The first, early phase of activity could be the
start of the buffering process for upcoming syllables. A tanta-
lizing possibility is that the second phase of activity, which starts
around 250 ms after speech onset and peaks 400 ms after
speech onset, was driven by the second syllable in “scrambled.”
Future intracranial studies leveraging sEEG depth probes will
help clarify IFS’s activity time course in multi-word utterances.
IFS, like SMA complex, has remained undercharacterized in
iEEG but will likely receive more attention with the modern
neurosurgical preference for sEEG over SDE in epilepsy
monitoring.

Limitations of the study

It is possible that the high-gamma LFP signal is not sufficiently
resolved to expose syllabic or phonemic activity and that smaller
neural populations are tuned to these shorter motor commands.
It is also worth considering that the BGA signal that we observed
may not be speech specific; pre-articulation BGA contributes to
the Bereitschaftspotential, or readiness potential,”'® observed in
human EEG prior to internally generated movements, including
speech.’%"”

While the intracranial recordings in this study definitively show
BGA in SMA during speech, we do not show that this set of SMA
electrodes is speech specific as we did not control for the initia-
tion of non-speech motor acts.
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the medial wall more generally. Some re-

searchers have argued that SMA and
preSMA do not form functionally discrete areas in the first
place; rather, they should be viewed as a continuum." Future
studies may leverage broader and denser iEEG coverage of
the medial wall to clarify how the speech-related neural codes
are organized along the preSMA-SMA axis.

Our results suggest that SMA is active primarily prior to artic-
ulation of a single word in a picture-naming task. Future studies
should confirm whether the SMA is active primarily prior to
phrase onset and before each word in a phrase. Our study
concentrated on the most robust marker of single-unit activity
(BGA), but other frequency bands should be inspected. We
used LFP in our analyses to show that the SMA is active only
at the word level. It is possible that some sub-populations, or
even single units, in SMA are active during word articulation
and mediate the release of individual phonemes.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB 2021 MathWorks, MA, USA https://www.mathworks.com/

Freesurfer Dale et al.”® http://freesurfer.net

AFNI/SUMA Cox"? https://afni.nimh.nih.gov

Python v2.7 N/A www.python.org

Deposited data

Preprocessed data This paper OSF: https://osf.io/7vs4d/

Other

ECoG and SEEG electrodes PMT Corporation http://pmtcorp.com

Neurofax EEG System

Blackrock NeuroPort Acquisition System

Robotic Surgical Assistant (ROSA)

Nihon Kohden
BlackRock Microsystems, UT, USA
Medtech, Montpellier, France

www.nihonkohden.com
https://www.blackrockmicro.com
https://www.medtech.fr
www.audio-technica.com

Lavalier microphone AT898 Audio Technica

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

We enrolled 115 patients (54 men, 61 women; mean age 33 + 10 years; mean IQ 96 + 14, 10 left-handed) with intractable epilepsy
undergoing monitoring with intracranial electrodes.?’ Eight patients were each implanted twice, and one patient was implanted three
times, for a total of 125 subject sessions. The study design was approved by the committee for the protection of human subjects at
The University of Texas Health Science Center as Protocol Number HSC-MS-06-0385. Nine additional patients recorded from were
excluded from analysis as they were determined to be right hemisphere-dominant for language.

METHOD DETAILS

Experimental paradigm

Subjects engaged in a picture naming task.'®*"2%8" They were instructed to articulate the name of common objects depicted by line
drawings®® as quickly and accurately as possible. A control condition was intermixed consisting of the same images with pixel blocks
randomly rotated; for these trials, subjects were instructed to respond with “scrambled.” Each visual stimulus was displayed for 2 s
on a 15-inch LCD screen positioned at eye level, with an interstimulus interval of 4 s with a uniformly distributed jitter of £500 ms. A
minimum of 120 (mean 298) visual stimuli were presented to each subject using stimulus presentation software (Python v2.7). 82 + 21
(mean + SD; range: 31-125) scrambled trials were presented per subject. In total, the word ‘scrambled’ was correctly produced
10,788 times across the cohort.

Electrode implantation and data recording

Subdural grid electrodes (SDEs; n = 39 implants) — subdural platinum-iridium electrodes embedded in a silicone elastomer sheet
(PMT Corporation, top-hat design; 3-mm diameter cortical contact) — were surgically implanted via a craniotomy.®? Electrocorticog-
raphy recordings were performed at least 2 days after the craniotomy. Stereo-electroencephalography (sEEG; n = 86 implants)
probes contained platinum-iridium electrode contacts (PMT Corporation; 0.8-mm diameter, 2.0-mm length cylinders; separated
from adjacent contacts by 1.5-2.43 mm), and were implanted using the Robotic Surgical Assistant (ROSA, Zimmer-Biomet), with
stereotactic skull screws registered to both a computed tomographic angiogram and an anatomical MRI.*%2%-8° There were 8-16
recording contacts along each depth probe, and each patient had multiple (12-20) probes implanted. Intracranial EEG data were
collected with a sampling rate of 1 kHz and bandwidth of 0.15-300 Hz using Neurofax (Nihon Kohden) or with a sampling rate of
2 kHz and bandwidth of 0.1-700 Hz using NeuroPort NSP (Blackrock Microsystems). Continuous audio recordings were performed
with both an omnidirectional microphone (Audio Technica U841A, 30 to 20,000 Hz response, 73 dB SNR) placed adjacent to the pre-
sentation laptop and a cardioid lavalier microphone (Audio Technica AT898, 200 to 15,000 Hz response, 63 dB SNR) clipped to
clothing near the mouth. These recordings were analyzed offline to transcribe subject responses, as well as to determine the time
of articulatory onset and offset.
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We used the term ‘electrode’ to refer to a single recording contact along an sEEG probe or ECoG strip. 22,334 electrodes were
implanted in total. We excluded electrodes with movement artifacts, electrical noise, or epileptic activity. Each electrode was
then re-referenced to the common average of all remaining electrode.

Structural imaging and electrode localization

Preoperative anatomical MRI scans were obtained using a 3T whole-body MRI scanner (Philips Medical Systems) fitted with a
16-channel SENSE head coil. Images were collected using a magnetization-prepared 180° radiofrequency pulse and rapid
gradient-echo sequence with 1-mm sagittal slices and an in-plane resolution of 0.938 x 0.938 mm. Pial surface reconstructions
were computed with FreeSurfer (v5.1)"® and imported to AFNI.”® Postoperative CT scans were registered to preoperative MRI scans
for localization of electrodes relative to cortex. Grid electrode locations were determined by a recursive grid partitioning technique
and then optimized using intraoperative photographs.®® Depth electrode locations were informed by implantation trajectories from
the ROSA system. Electrode locations were projected onto a FreeSurfer-generated cortical pial surface. These locations were then
transformed to standard population cortical space with a nonlinear surface-based registration. Both brain-wide analyses and ROI
analyses were completed in this standard space.

Analysis of audio recordings and phonetic forced alignment

Audio recordings were used to annotate behavioral timepoints in trials. Speech onset was defined as the first acoustic signature of
speech. For ‘scrambled’, we labeled the first timepoint where a high-frequency (3+ kHz) broadband power increase —typical sibilants
like/s/—was visible. To determine variability within and across subjects’ articulations, we used the Montreal Forced Aligner (MFA) to
force-align all of the phones of ‘scrambled’ with their acoustic signatures in every trial.*” Single-trial recordings were extracted and
saved as separate wav files. MFA was then run using default parameters. MFA outputs Praat TextGrids,?” which were read back into
MATLAB using the mPraat toolbox.%®

Signal processing

Line noise was removed from the raw electrocorticography local field potential with zero-phase second-order Butterworth bandstop
filters at 60, 120, and 180 Hz. Broadband high-gamma activity (BGA; 70 to 150 Hz) was then extracted by a) bandpass filtering with a
frequency-domain Hilbert filter (paired sigmoid flanks with half-width 1.5 Hz) and b) calculating power in the resulting analytic signal.
All analyses were performed with trials time-locked to either picture presentation or to articulation onset. Baseline was defined rela-
tive to the picture presentation (—500 to —100 ms). BGA traces were smoothed for plotting with a third-order, 251 frame length
Savitzky-Golay finite impulse response filter.

QUANTIFICATION AND STATISTICAL ANALYSIS

Brain-wide surface-based mixed-effects modeling

For whole-brain analyses, estimates of cortical BGA at every vertex on the surface in both hemispheres were estimated using sur-
face-based mixed-effects multilevel analysis'®**3>788% (SB-MEMA). Refer to Kadipasaoglu et al.>* for a complete description of
the SB-MEMA and to Forseth et al.’® and Woolnough et al.?® for previous applications of the method. Briefly, SB-MEMA generates
statistically robust and topologically precise estimates of BGA using geodesic activation spread from recording electrodes.*>°’
SB-MEMA accounts for outliers by weighting electrodes by their trial-to-trial variance estimates®® and accounts for the sparse
sampling problem in iEEG by correcting for sampling imbalances between regions. SB-MEMA maps of cortical activation were
thresholded at 15% change from baseline. SB-MEMA movies were generated by re-running the SB-MEMA analysis with 150 ms
windows and a 10 ms time stride. Frames were then spatially smoothed with a Gaussian smoothing filter (2 mm FWHM).

Regions of interest delineation

Left-hemisphere regions of interest were determined based on the Destrieux Atlas® and prior intracranial electrode studies, re-
sulting in an anatomically-functionally defined set of ROls. The delineated ROlIs rely on the Destrieux Atlas to parcellate the supra-
sylvian speech production network. The following regions were defined from this atlas: inferior frontal sulcus (IFS), pars triangularis
(parsTri), pars opercularis (parsOp), precentral sulcus (preCS), pre- and postcentral gyrus (preCG and postCG), subcentral gyrus
(SCG), central sulcus (CS), Heschl’s gyrus (HG) and planum temporale (PT). Supplementary motor area (SMA), and preSMA were
defined using geodesic radii around a defined center point, based on prior studies.?®?” The boundary between SMA and preSMA
was approximated with a vertical plane extending from the anterior commissure.® Centroids of these ROIs, in Talairach space,
were: SMA -4, —5, 51; preSMA —4, 17, 38. All SMA and preSMA electrode assignments were validated manually based on each
subject’s native cortical surface.

ROI boundaries on the pial surface were used to identify electrodes within an ROI; if an electrode was localized to a vertex within the
RO, it was considered part of the ROI. 1,479 electrodes from 98 subjects were localized within the ROls. Active electrodes were
electrodes whose trial-averaged BGA percent change exceeded 20% increase from baseline in a peri-articulatory window from
—500 to 500 ms relative to articulation onset. Inactive electrodes were excluded from further analysis. 631 ROI electrodes from
81 subjects were active above baseline.
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Regions of interest time features

Timepoints of significant activation within an ROl were identified using mixed-effects models (i.e., BGA ~1 + (1 | Subject) +
(1 | Subject:Electrode)) using all trials and all electrodes with the ROI, testing at each 10 ms resolution with a Benjamini-Hochberg
false discovery rate correction (q < 0.05).

To quantify timing differences across ROls, we used a bootstrapping approach to estimate time features and their confidence in-
tervals. We generated bootstrap distributions for each ROI by randomly sampling trials with replacement within each electrode
before averaging within, and then across, subjects, repeated 1000 times. We calculated median and 95% confidence intervals for
two timing features. These features were: (1) the time point at which trial-averaged BGA reached its peak amplitude (‘Time to
Peak Amp’), and (2) the first time point at which trial-averaged BGA exceeded 3.5 standard deviations of the baseline to reflect
0.001 significance (‘Time to First Amp>Baseline’).

Region of interest linear mixed effects modeling

Linear mixed effects (LME) models were used to model BGA as a function of response time (RT) in each ROI. All modeling was
performed in MATLAB using the fitime() function. RT was modeled as a function of BGA, as a fixed effect, with a random effect of
electrode, nested within subject. In Wilkinson notation, the model formula was: BGA ~ RT + (1 | Subject) + (1 | Subject:Electrode).
Independent LMEs were fit at each time point in each ROI. Positive beta values indicate BGA increases with shorter RTs. Time points
with significant betas were identified across the time course with a Benjamini-Hochberg FDR-corrected threshold at g = 0.05.

We also used LMEs in the coherent picture naming condition to model the relationship between BGA and four predictor variables:
response time and number of syllables, phonological neighborhood, and word frequency, all sourced from the Irvine Phonotactic
Online Dictionary.®® The model formula was: BGA ~ RT + # Syllables + Word frequency + Phonological neighborhood + (1 | Subject) +
(1 | Subject:Electrode).
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