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Abstract
A number of brain regions have been implicated in articulation, but their precise computations remain debated. Using
functional magnetic resonance imaging, we examine the degree of functional speciﬁcity of articulation-responsive brain
regions to constrain hypotheses about their contributions to speech production. We ﬁnd that articulation-responsive regions
(1) are sensitive to articulatory complexity, but (2) are largely nonoverlapping with nearby domain-general regions that
support diverse goal-directed behaviors. Furthermore, premotor articulation regions show selectivity for speech production
over some related tasks (respiration control), but not others (nonspeech oral-motor [NSO] movements). This overlap between
speech and nonspeech movements concords with electrocorticographic evidence that these regions encode articulators and
their states, and with patient evidence whereby articulatory deﬁcits are often accompanied by oral-motor deﬁcits. In contrast,
the superior temporal regions show strong selectivity for articulation relative to nonspeech movements, suggesting that these
regions play a speciﬁc role in speech planning/production. Finally, articulation-responsive portions of posterior inferior frontal
gyrus show some selectivity for articulation, in line with the hypothesis that this region prepares an articulatory code that is
passed to the premotor cortex. Taken together, these results inform the architecture of the human articulation system.
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Introduction
Fluent speech—a remarkable, uniquely human behavior—requires
the planning of sound sequences, followed by the execution of
corresponding motor plans. In addition, articulation depends
upon respiratory support for phonation and rapid oral-motor
movements to shape airﬂow into speech sounds. Although
extensive theorizing and a wealth of experimental data have
yielded sophisticated models of articulation (e.g., Browman and
Goldstein 1995; Guenther 2006; Perkell 2012; Buchwald 2014;

Dell 2014; Goldrick 2014; Ziegler and Ackermann 2014; Blumstein
and Baum 2016), our understanding of how these processes are
implemented in neural tissue remains limited.
Much of the early evidence implicating particular brain
regions in speech production comes from investigations of
patients with apraxia of speech (AOS), a motor speech disorder
that most commonly results from stroke-induced damage to
the dominant (typically left) hemisphere (e.g., Darley et al.
1975; Dronkers 1996; Dronkers and Ogar 2004; Hillis et al. 2004;
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Duffy 2005; Ogar et al. 2006; Richardson et al. 2012). Speech
production in AOS is characterized by sound distortions, distorted substitutions and/or additions, visible and/or audible
articulatory groping, frequent but often failed attempts at selfcorrection, and atypical prosody (Darley et al. 1975; Rosenbek
et al. 1984; Ogar et al. 2005; Strand et al. 2014). A number of cortical regions, mostly in the frontal lobe, have been linked to
AOS, including the left inferior frontal gyrus and surrounding
areas (e.g., Hillis et al. 2004; Richardson et al. 2012), the anterior
insula (e.g., Dronkers 1996; Dronkers et al. 2004; Baldo et al.
2011), premotor and supplementary motor regions (e.g., Jonas
1981; Pai 1999; Josephs et al. 2006, 2012; Whitwell et al. 2013;
Graff-Radford et al. 2014; Basilakos et al. 2015; Itabashi et al.
2016), and parts of the postcentral gyrus (e.g., Hickok et al. 2014;
Basilakos et al. 2015). Less frequent are reports of AOS following
infarct to the basal ganglia (e.g., Kertesz 1984) or the right cerebellum (see e.g., Mariën et al. 2015 and Ziegler 2016 for discussions of the role of the cerebellum in articulation).
Neuroimaging studies have implicated a similar set of regions,
as well as additional regions in the superior temporal cortices, in
typical speakers (e.g., Wise et al. 1999; Bohland and Guenther 2006;
Eickhoff et al. 2009; Fedorenko et al. 2015). This convergence on the
same candidate “articulation network”—a set of brain regions that
presumably work together to achieve the complex task of speech
production (e.g., Mesulam 1998)—is encouraging. However, the
computations that these brain regions support, and the division of
labor among them, remain debated (e.g., Blumstein and Baum
2016), with different proposals assigning different roles to some of
the same brain regions (e.g., Hickok 2014; Guenther 2016).
One way to constrain hypotheses about the possible computations of a brain region is to characterize its functional response
proﬁle: What manipulations is it sensitive to? How selective is
its response? What are the necessary and sufﬁcient conditions
under which it gets engaged? We here report a functional magnetic resonance imaging (fMRI) study that functionally characterizes the articulation-responsive brain regions, with a focus on
the degree of their functional selectivity.
Although a number of prior fMRI investigations (e.g., Wildgruber
et al. 1996; Wise et al. 1999; Bohland and Guenther 2006; Sörös et al.
2006; Takai et al. 2010) have examined similar questions, they have
almost exclusively relied on the traditional group-averaging
approach, where individual brains are aligned in the common
brain space and voxel-wise functional correspondence is
assumed. This approach makes it difﬁcult to compare results
across individuals and studies. In particular, to do so, researchers
often resort to discussing the observed activations at the level of
macroanatomic landmarks (gyri and sulci), which is problematic
given the high anatomical and functional heterogeneity that
characterizes these large structures (e.g., Amunts et al. 2010;
Fedorenko et al. 2012; Deen et al. 2015), each of which is comprised of many cubic centimeters of cortex. Thus, observing activation for two different manipulations within, say, the inferior
frontal gyrus does not afford the inference that these manipulations rely on the same neural mechanism (see also Poldrack
2011; Yarkoni et al. 2011). To circumvent these difﬁculties, we
adopt a functional localization approach (e.g., Saxe et al. 2006;
Fedorenko et al. 2010), where we ﬁrst identify—in each participant individually—regions that are active during an articulation
task, and then probe these functionally deﬁned regions of interest for their (1) sensitivity to articulatory complexity, and, critically, (2) selectivity relative to tasks that share some features
with articulation and/or have been previously shown to produce responses within the same macroanatomical brain areas.
In addition to its higher sensitivity and functional resolution

(Nieto-Castañón and Fedorenko 2012), this approach provides
a straightforward way to pool data across individuals and
manipulations, and can be used in future studies to compare
any new manipulation to the ones examined here.
In this study, we asked 3 key research questions: (1) Are
articulation-responsive regions sensitive to articulatory complexity, as would be expected based on prior studies (e.g., Shuster and
Lemieux 2005; Bohland and Guenther 2006; Papoutsi et al. 2009)?;
(2) To what extent are articulation-responsive regions functionally
selective for speech production, relative to ancillary behaviors, like
respiration and nonspeech oral-motor movements?; and (3) What
is the relationship between articulation-responsive regions and
the domain-general multiple demand (MD) system implicated in
executive functions (like attention and cognitive control) and
active during diverse goal-directed behaviors (Duncan 2010, 2013)?
The latter question is important given that (1) articulation has
been shown to elicit neural responses within some of the macroanatomical brain regions linked to general cognitive demand,
including the inferior frontal gyrus, the anterior insula, the precentral gyrus, and the supplementary motor area (SMA), and (2)
articulation is a demanding task (perhaps especially so for unfamiliar pseudowords; e.g., Segawa et al. 2015), and the regions of
the MD system have been shown to respond to demanding tasks
across domains (Duncan and Owen 2000; Fedorenko et al. 2013;
Hugdahl et al. 2015). Thus, some of the brain regions previously
discussed as belonging to the articulation network may contribute to articulation via highly domain-general processes, and this
would fundamentally alter the hypothesized role of these regions
in the existing neural models of articulation. We talk about how
our results inform existing models in the Discussion.

Methods
Participants
Twenty healthy adults (19 females; mean age = 26 years, range
18–51) were recruited from the University of South Carolina
community. All participants were right-handed native speakers
of English. No participants reported history of neurological,
speech, language, or hearing problems. The study was approved
by the University of South Carolina Institutional Review Board.
All participants gave written informed consent for study inclusion and were given course credit or payment for participation.

Design, Materials, and Procedure
Each participant performed 3 experiments: (1) the critical articulation experiment, (2) an experiment used to evaluate the
functional selectivity of the articulation-responsive brain
regions, and (3) an experiment used to evaluate potential overlap with spatially proximal domain-general brain regions implicated in attention and cognitive control.
In Experiments 1 and 2, participants viewed 2500-ms-long video
clips of a female actor (native English speaker) and were asked to
imitate each action (during the subsequent 2500 ms) in a blocked
design. The clips were created so that the duration was as close to
2500 ms as possible, and some behavioral piloting of the tasks suggested that participants generally follow the timing closely in their
imitations. Each block included 4 trials and lasted 20 s. The sound
was delivered via Resonance Technology’s magnetic resonance
imaging (MRI)-compatible Serene Sound headphones.
In Experiment 1, 192 bisyllabic pseudowords were used: The
second syllable was always a simple consonant–vowel (CV) syllable (e.g., /fʌ, si, gɒ/), and the ﬁrst syllable varied between the
hard and the easy condition. The hard condition included
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phonotactically legal consonant clusters, including many that
require fast transitions between articulator positions, and took
the form of CCVCC syllables (e.g., /krʊ:rd, dreɪlf, sfɪ:lt/). The easy
condition included no clusters and took the form of CV syllables (e.g., /mɔ:, koɪ, reɪ/). For example, sample items in the hard
condition sounded like /snoɪrb-gʌ/ or /kweɪps-ki/, and sample
items in the easy condition sounded like /lɔ:-kʌ/ or /gʊmɑ/.
Pseudowords were used instead of real words in order to isolate
the process of speech production (articulation) from the higher
level components of language processing (i.e., lexico-semantic
processes). The use of pseudowords that obey the phonotactic
constraints of English ensures that the articulatory processes
required to produce these are similar to those used for producing real words (e.g., Hickok and Poeppel 2004; Fedorenko and
Thompson-Schill 2014). Participants completed two 460-s-long
runs, each containing 9 blocks per condition and 5 ﬁxation
blocks. Any given participant was exposed to 72 hard and 72
easy pseudowords, which were sampled from the larger set of
96 hard and 96 easy pseudowords (a complete list of materials,
including the video clips, is available at https://evlab.mit.edu/
papers/artic). During the ﬁxation block, a cross appeared in the
center of the screen, and participants were asked to look at the
screen and rest. Participants were told that these blocks were
used to measure baseline brain activity.
In Experiment 2, 10 tokens each were used of (1) vowels
(e.g., /i:/ as in feet; Fig. 1a), (2) respiration sequences (e.g., inhale
slowly then exhale quickly), and (3) nonspeech oral-motor
movements (e.g., pucker of the lips; Fig. 1b). Each trial included
a single vowel, respiration sequence, or nonspeech oral-motor
movement. The respiration and nonspeech oral-motor movements conditions did not involve phonation. Participants completed three 480-s-long runs, each containing 6 blocks per
condition and 6 ﬁxation blocks.
Finally, we included an executive (spatial working memory
[WM]) task (Experiment 3; adapted from Fedorenko et al. 2013)
to evaluate potential overlap between articulation-responsive
regions and spatially proximal domain-general brain regions
implicated in attention and cognitive control (e.g., Duncan
2010, 2013; Fedorenko et al. 2013). These regions have been
shown to be sensitive to effort across diverse tasks (Duncan
and Owen 2000; Hugdahl et al. 2015) and can thus be deﬁned
using any task that manipulates difﬁculty, by contrasting activation for a harder versus an easier condition (Fedorenko et al.
2013). In the task we used here (see also Blank et al. 2014),
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participants saw a 3 × 4 grid and kept track of 4 or 8 locations
in the easy and hard condition, respectively, in a blocked
design. At the end of each trial, participants had to choose the
grid with the correct locations in a 2-alternative forced-choice
question (Fig. 1c). Each block included four 8.5 s trials and lasted
34 s (see Fedorenko et al. 2013 for details). Participants completed two 404-s-long runs, each containing 5 blocks per condition and ﬁve 16-s-long ﬁxation blocks.
Condition order was palindromic within each run (to avoid
order effects) and counterbalanced across runs and participants
for all experiments, and the order of trials was randomized
across participants. All participants practiced each task outside
of the scanner. They were instructed to follow the timing of the
actions as closely as possible, ensuring that timing was similar
across all participants and scanning sessions. The entire scanning session lasted approximately 1.5 h.
Image Acquisition
Structural and functional MRI data were collected using a wholebody 3 T Siemens Trio scanner equipped with a 12-element head
coil. T1-weighted structural images were collected in 192 axial
slices with 1 mm isotropic voxels (time repetition [TR] = 2250 ms
and time echo [TE] = 4.2 ms). Functional, blood oxygen level dependent (BOLD) data were acquired using an EPI sequence (with a 76°
ﬂip angle) with the following parameters: thirty-one 3.75 mm-thick
near-axial slices acquired in sequential order (with 25% distance
factor), 2 mm × 2 mm in-plane resolution, FoV = 208 × 208 mm, A >
P phase encoding, TR = 2000 ms and TE = 30 ms. The ﬁrst 8 s of
each run were excluded to allow for steady state magnetization.
Image Preprocessing
MRI data were analyzed using SPM5 and the spm_ss toolbox
designed to perform second-level analyses that incorporate
information from individual activation maps (available for
download at http://www.nitrc.org/projects/spm_ss). Each participant’s data were motion-corrected, normalized to the MNI
space (Montreal Neurological Institute template), re-sampled
into 2 mm isotropic voxels, smoothed using a 4 mm Gaussian
kernel, and high-pass ﬁltered (at 200 s). For all tasks, effects
were estimated using a General Linear Model in which each
experimental condition was modeled with a boxcar function
convolved with the canonical hemodynamic response function.
The boxcar function modeled entire blocks.

Figure 1. Sample trials from Experiments 2 and 3. (a) Example vowel. (b) Example nonspeech oral-motor movement. (c) A hard trial from the spatial working memory task.
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Discovery of Articulation-Responsive Regions
To identify brain regions sensitive to articulation, we performed
a group-constrained subject-speciﬁc (GSS) analysis (Fedorenko
et al. 2010; Julian et al. 2012). To ensure that we did not miss any
relevant functional regions, we chose to use the most inclusive
and robust contrast from the articulation task: The hard articulation condition (imitation of complex pseudowords) relative to
the low-level (ﬁxation) baseline. We took individual whole-brain
activation maps for this contrast and binarized them so that
voxels that show a reliable response (signiﬁcant at P < 0.001,
uncorrected at the whole-brain level) were turned into 1’s and
all other voxels were turned into 0’s. We then overlaid these
maps to create a probabilistic activation overlap map (Fig. 2a),
thresholded this map to only include voxels where at least 3 of
the 20 participants showed activation, and divided it into “parcels” using a watershed image parcellation algorithm (see
Fedorenko et al. 2010 for details). Finally, we identiﬁed parcels
that—when intersected with the individual activation maps—
contained supra-threshold (i.e., signiﬁcant for our contrast of
interest at P < 0.001, uncorrected) voxels in at least 16 of the 20
(i.e., 80%) individual participants. Fifteen parcels satisﬁed this
criterion. However, 4 of these were located in the occipital cortex
(to be expected given that the task involves visual presentation
of the to-be-imitated stimuli) and were thus excluded.

Deﬁnition of Individual Articulation-Responsive
Functional Regions of Interest and Estimating Their
Responses
In each of the 11 regions, we estimated the response magnitude
to the conditions of Experiment 1 (i.e., hard and easy articulation)
in individual participants using an across-runs cross-validation
procedure (e.g., Nieto-Castañón and Fedorenko 2012), so that the
data used to deﬁne the Functional Regions of Interest (fROIs) and

to estimate the responses were independent (e.g., Kriegeskorte
et al. 2009; Vul et al. 2009). In particular, each parcel was intersected with each participant’s activation map for the hard articulation > ﬁxation contrast for the ﬁrst run of the data. The voxels
within the parcel were sorted—for each participant—based on
their t-values, and the top 10% of voxels were selected as that
participant’s fROI. The responses were then estimated using the
second run’s data. The procedure was repeated using the second
run to deﬁne the fROIs and the ﬁrst run to estimate the
responses. Finally, the responses were averaged across the leftout runs to derive a single response magnitude per participant
per region per condition.
To estimate the responses to the conditions of Experiment 2
(imitation of vowels, respiration sequences, and nonspeech
oral-motor movements) and Experiment 3 (hard and easy spatial WM conditions), all the data from Experiment 1 were used
for deﬁning the individual fROIs. Statistical tests were performed on these extracted percent BOLD signal change values.

Deﬁnition of individual domain-general MD system
fROIs and estimating their responses.
In addition to the articulation-responsive fROIs, we deﬁned a set
of fROIs for the domain-general MD system (Duncan 2010, 2013),
based on a spatial WM task (data from Experiment 3). The
regions of this system include parts of the inferior frontal and
middle frontal gyri, precentral gyrus, SMA, parietal cortices, insula, and anterior cingulate, and have been implicated in a wide
range of goal-directed behaviors. A subset of these regions—
those within the inferior frontal gyrus, the precentral gyrus, the
SMA, and the insular cortex—appear to land in close proximity
to the regions previously implicated in articulation (e.g., Wise
et al. 1999; Bohland and Guenther 2006; Eickhoff et al. 2009;
Fedorenko et al. 2015). Given that articulation is a demanding
task, we wanted to examine potential overlap between these

Figure 2. Articulation-responsive brain regions. (a) A whole-brain probabilistic activation overlap map for 20 participants, with the parcels discovered by the GSS analysis (Fedorenko et al. 2010) overlaid on top (note that 1 of the 11 parcels—L pSTG2—is not visible on the surface; see Fig. 3). (b) fROIs in the left and right hemisphere
of 4 sample individual participants. These fROIs were deﬁned by intersecting the individual activation maps for the “hard articulation > ﬁxation” contrast with the
parcels, and selecting the top 10% of most responsive voxels within each parcel.
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domain-general regions and the articulation-responsive
regions. Following Fedorenko et al. (2013), we used a set of
anatomical parcels from the AAL atlas (Tzourio-Mazoyer et al.
2002) to constrain the selection of individual fROIs. Each of
these parcels was intersected with each participant’s activation map for the hard spatial working memory > easy spatial
working memory contrast (e.g., Blank et al. 2014), and the top
10% of voxels were selected as that participant’s fROI. To estimate the response magnitude to the spatial WM conditions,
we used an across-runs cross-validation procedure, as
described above. To estimate the response magnitude to the
conditions of Experiments 1 and 2, all the data from
Experiment 3 were used for deﬁning the individual fROIs.

Results
The articulation-responsive regions that emerged in the wholebrain GSS analysis (Fedorenko et al. 2010) are shown in Figure 3
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(see Fig. 2b, for sample individual fROIs) and include 3 regions
in the left superior temporal gyrus (a large region spanning a signiﬁcant portion of the left superior temporal gyrus—L STG, and
2 small regions in the posterior-most extent of STG—LpSTG1
and LpSTG2), 2 regions in the right superior temporal gyrus
including its anterior portion (R aSTG) and its posterior portion
(R pSTG), a region in the left precentral gyrus (L PrCG), 2 regions
in the right precentral gyrus including its inferior portion
(R iPrCG) and its superior portion (R sPrCG), a region in the SMA,
and 2 cerebellar regions (LCereb and RCereb). These regions
match closely a set of regions implicated in speech articulation
in prior patient (e.g., Hillis et al. 2004; Josephs et al. 2006, 2012;
Richardson et al. 2012; Whitwell et al. 2013; Basilakos et al. 2015;
Itabashi et al. 2016) and brain imaging (e.g., Wise et al. 1999;
Bohland and Guenther 2006; Eickhoff et al. 2009; Fedorenko et al.
2015) studies. Thus, our procedure for identifying the key search
spaces for deﬁning the individual fROIs was effective, and we
can proceed to characterize these regions’ response proﬁles.

Figure 3. Responses to the articulation and spatial WM conditions of each articulation-responsive fROI. Left: The parcels used to deﬁne articulation-responsive fROIs.
Right: Responses of the individually deﬁned articulation-responsive fROIs to each condition across Experiments 1–3.
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The only brain region—much discussed in the literature as
playing a role in articulation (e.g., Broca 1861; Hillis et al. 2004;
Richardson et al. 2012) and yet somewhat elusive (e.g., Wise
et al. 1999; Flinker et al. 2015)—that did not emerge in our GSS
analysis is a region in posterior IFG. This part of the cortex is
notoriously variable across individuals (e.g., Amunts et al. 1999;
Tomaiuolo et al. 1999; Juch et al. 2005), which plausibly contributes to the elusiveness of this region in previous studies that
have assumed voxel-by-voxel correspondence across individuals. In line with this variability, the GSS analysis did discover
a small region in the left IFG, but this region was only present in
11 of the 20 participants when intersected with individual activation maps, and hence did not pass our threshold for overlap
with at least 16 of the 20 participants. However, given the existing evidence linking this region to articulation, combined with
the fact that this region is robustly detectable in individual participants (e.g., Flinker et al. 2015; Long et al. 2016), we include this
region in our set, and we recommend that future studies adopt a
similar approach, including critically using functional localization,
given that posterior IFG contains a number of functionally distinct
regions including articulation-responsive regions and domaingeneral MD regions that we focus on here, but also high-level language processing regions (e.g., Fedorenko et al. 2012). (Note that
we use the anatomical IFG-opercular parcel to constrain the deﬁnition of individual articulation-responsive fROIs instead of the
parcel discovered in the GSS, because the former is larger and
thus more likely to capture the relevant sets of voxels across individuals given the high variability in this part of the cortex.)
Below, we discuss the answers to our 3 research questions.
(The data from this study are available at: https://evlab.mit.
edu/papers/artic.)

1. Are Articulation-Responsive Regions Sensitive
to Articulatory Complexity?
All articulation-responsive brain regions responded robustly to
each of the 3 articulation conditions relative to the low-level ﬁxation baseline (hard articulation: ts > 5.7, Ps < 0.001; easy articulation: ts > 4.5, Ps < 0.001; vowels: ts > 3.6, Ps < 0.001; Table 1 and
Fig. 3). To evaluate the sensitivity of these regions to articulatory
complexity, we asked—for each region—whether it showed (1) a
reliably stronger response to the hard articulation than the easy

articulation condition, and (2) a reliably stronger response to the
easy articulation than the vowels condition (which has minimal
articulatory requirements).
All regions, except for the R IFGop fROI, showed robust effects
for the hard articulation > easy articulation contrast (ts > 2.9, Ps <
0.005, with all but 3 of these fROIs surviving the stringent
Bonferroni correction). Further, in all but 2 fROIs (R iPrCG,
R IFGop), the easy articulation condition elicited a numerically
higher response than the vowel condition, with 2 fROIs (L STG
and R aSTG) showing this effect reliably. Thus, all articulationresponsive regions respond strongly during articulation, with
conditions requiring more complex articulatory movements generally eliciting stronger responses, an expected functional signature of the articulation system (e.g., Bohland and Guenther 2006).

2. To What Extent are Articulation-Responsive Regions
Functionally Selective for Speech Production?
To evaluate the degree of functional selectivity of the articulationresponsive brain regions, we asked—for each region—whether it
showed a reliably stronger response to each of the 3 articulation
conditions (hard articulation, easy articulation, and vowels) than to
the nonarticulation conditions that share some features with
speech production (respiration and nonspeech oral-motor movements). Both nonspeech conditions elicited reliably abovebaseline responses in most of the regions except for some
superior temporal fROIs (Bonferroni-surviving signiﬁcant ts >
3.7, Ps < 0.001 for respiration, and ts > 4.0; Ps < 0.001 for nonspeech oral-motor movements; Table 2). However, the respiration and the nonspeech oral-motor movements conditions
differed in that most fROIs showed a stronger response to the
articulation conditions than the respiration condition (e.g.,
Bonferroni-surviving signiﬁcant ts > 4.6, Ps < 0.001 for the hard
articulation > respiration effect), but only some of the fROIs—
namely, those in the superior temporal cortex (the L STG,
L pSTG2, R aSTG, R pSTG, and R sPrCG fROIs)—showed a stronger response to articulation than to nonspeech oral-motor movements, with regions in the precentral gyrus showing the
opposite pattern (Table 3 and Fig. 3). These results suggest that
most articulation-responsive regions are not speciﬁc to speech
production and are engaged to a similar extent by the production of nonspeech oral-motor movements.

Table 1 Responses of the articulation-responsive fROIs to (1) the hard articulation > baseline contrast; (2) the easy articulation > baseline contrast;
(3) the vowel > baseline contrast; (4) the hard articulation > easy articulation contrast; and (5) the easy articulation > vowels contrast
fROI

Hard articulation >
baseline

Easy articulation >
baseline

Vowels >
baseline

Hard >
easy articulation

Easy articulation >
vowels

L STG
L pSTG1
L pSTG2
R aSTG
R pSTG
L PrCG
R iPrCG
R sPrCG
SMA
L Cereb
R Cereb
L IFGop
R IFGop

t = 10.33, P < 0.001*
t = 6.21, P < 0.001*
t = 5.65, P < 0.001*
t = 10.05, P < 0.001*
t = 5.69, P < 0.001*
t = 9.16, P < 0.001*
t = 6.43, P < 0.001*
t = 6.99, P < 0.001*
t = 8.15, P < 0.001*
t = 7.91, P < 0.001*
t = 9.30, P < 0.001*
t = 8, P < 0.001*
t = 6.18, P < 0.001*

t = 9.95, P < 0.001*
t = 6.04, P < 0.001*
t = 4.53, P < 0.001*
t = 8.53, P < 0.001*
t = 5.54, P < 0.001*
t = 9.04, P < 0.001*
t = 6.26, P < 0.001*
t = 7.18, P < 0.001*
t = 8.36, P < 0.001*
t = 7.29, P < 0.001*
t = 9.00, P < 0.001*
t = 7.25, P < 0.001*
t = 6.31, P < 0.001*

t = 6.98, P < 0.001*
t = 3.56, P < 0.005*
t = 4.77, P < 0.001*
t = 6.33, P < 0.001*
t = 6.06, P < 0.001*
t = 8.03, P < 0.001*
t = 5.24, P < 0.001*
t = 5.76, P < 0.001*
t = 6.14, P < 0.001*
t = 4.67, P < 0.001*
t = 5.62, P < 0.001*
t = 7.06, P < 0.001*
t = 5.98, P < 0.001*

t = 5.57, P < 0.001*
t = 2.93, P < 0.005
t = 5.67, P < 0.001*
t = 5.71, P < 0.001*
t = 3.07, P < 0.005
t = 3.84, P < 0.001*
t = 3.81, P < 0.001*
t = 3.25, P < 0.005
t = 3.90, P < 0.001*
t = 3.73, P < 0.001*
t = 4.02, P < 0.001*
t = 3.78, P < 0.001*
t = 2.06, n.s.

t = 4.67, P < 0.001*
t = 3.29, P < 0.005
t = 1.17, n.s.
t = 4.08, P < 0.001*
t = 1.30, n.s.
t = 0.84, n.s.
t = −0.13, n.s.
t = 1.14, n.s.
t = 0.75, n.s.
t = 0.78, n.s.
t = 1.32, n.s.
t = 0.73, n.s.
t = −1.32, n.s.

All contrasts are estimated in data not used for deﬁning the fROIs, as described in Methods. Degrees of freedom are 19. Asterisks denote effects that survive the
Bonferroni correction for the number of fROIs (at 0.05/13 = 0.0038).

Articulation Network

In summary, both nonspeech conditions produced reliable
above-baseline responses in most articulation-responsive
brain regions. Furthermore, the nonspeech oral-motor movements condition produced a response that was as strong as, or
stronger than, the articulation conditions in all the fROIs,
except for the superior temporal ones and the L IFGop fROI.
Thus, with the exception of the superior temporal fROIs and
the fROI in the opercular portion of the left IFG, the hypotheses
about the articulation-responsive regions’ possible computations cannot be restricted to the articulatory domain.

3. What is the Relationship Between ArticulationResponsive Regions and the Domain-General Multiple
Demand System?
First, the spatial WM task produced the expected behavioral
and neural patterns. Behaviorally, participants were reliably
faster and more accurate in the easy compared with the hard
condition (RT: t(19) = 9.46, P < 0.001; accuracy: t(19) = 12.94, P <
0.001). Replicating prior work (e.g., Fedorenko et al. 2013), all
Table 2 Responses of the articulation-responsive fROIs to each of
the nonspeech conditions (respiration, nonspeech oral-motor (NSO) movements) relative to the ﬁxation baseline
fROIs

Resp > baseline

NSO > baseline

L STG
L pSTG1
L pSTG2
R aSTG
R pSTG
L PrCG
R iPrCG
R sPrCG
SMA
L Cereb
R Cereb
L IFGop
R IFGop

t = 2.75, P < 0.01
t = 4.09, P < 0.001*
t = 1.21, n.s.
t = 1.43, n.s.
t = 3.18, P < 0.005
t = 6.15, P < 0.001*
t = 4.39, P < 0.001*
t = 3.79, P < 0.001*
t = 5.79, P < 0.001*
t = 3.93, P < 0.001*
t = 4.67, P < 0.001*
t = 5.49, P < 0.001*
t = 2.92, P < 0.005

t = 2.51, P < 0.05
t = 4.01, P < 0.001*
t = 2.39, P < 0.05
t = 3.00, P < 0.005
t = 4.90, P < 0.001*
t = 7.73, P < 0.001*
t = 8.02, P < 0.001*
t = 5.83, P < 0.001*
t = 5.93, P < 0.001*
t = 6.14, P < 0.001*
t = 8.56, P < 0.001*
t = 6.04, P < 0.001*
t = 6.15, P < 0.001*

All contrasts are estimated in data not used for deﬁning the fROIs, as described
in Methods. Degrees of freedom are 19. Asterisks denote effects that survive the
Bonferroni correction for the number of fROIs (at 0.05/13 = 0.0038).
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MD fROIs showed stronger responses during the hard than the
easy condition, in data not used for fROI deﬁnition as discussed
in Methods (ts > 4.3, Ps < 0.0001; see also Fig. 4).
To evaluate the relationship between articulation-responsive
fROIs and the MD system, we performed several analyses. First,
we asked whether the articulation-responsive regions showed a
reliably above-baseline response to the hard and easy spatial
WM conditions. Only the SMA, L and R Cereb, and L and R IFGop
fROIs showed reliable above-baseline responses to the hard spatial WM condition (ts > 3.6, Ps < 0.001), with a subset further
showing reliable responses to the easy spatial WM condition (ts >
3.8, Ps < 0.001; Table 4 and Fig. 3). In each of these 5 regions, the
hard spatial WM condition elicited a stronger response than the
easy spatial WM condition, reliably so in 2 of the fROIs (L Cereb,
R IFGop; ts > 3.8, Ps < 0.001). None of the other articulationresponsive fROIs responded during the spatial WM task; nor
were they sensitive to the task difﬁculty manipulation, implying some selectivity relative to general demanding tasks.
Second, we directly compared the average activation for the
2 articulation conditions (hard articulation, easy articulation) to
the average activation during the spatial WM conditions (hard
spatial WM, easy spatial WM) in each articulation-responsive
fROI. All regions, except for the R IFGop fROI, responded reliably
more strongly to the articulation conditions than the spatial
WM conditions (ts > 4.7, Ps < 0.001; Table 4 and Fig. 3), further
supporting selectivity relative to executive tasks, and thus separability from the nearby MD network (Duncan 2010, 2013).
Third, in a complementary analysis, we examined the MD
fROIs’ (deﬁned by the spatial WM task) responses to articulation.
A number of the MD regions (in particular, L and R PrCG fROIs,
L and R SMA fROIs, and L ParInf fROI) responded reliably above
baseline to each of the articulation conditions (Bonferroni-surviving signiﬁcant ts: hard articulation: ts > 3.7, Ps < 0.001; easy
articulation: ts > 3.6, Ps < 0.001; Table 5 and Fig. 4), suggesting
that these domain-general brain regions may contribute in some
(albeit nonspeech-speciﬁc) way to speech production. However,
only the R Ins MD fROI showed a reliable hard > easy articulation
effect. Thus, the articulation-responsive MD fROIs do not show
the functional signature of articulation-responsive fROIs, that is,
robust sensitivity to articulatory complexity (Table 5).
Finally, given that some macroanatomical regions appear
to exhibit some sensitivity to both articulation and general cognitive effort (estimated here with a spatial WM task), we

Table 3 Responses of the articulation-responsive fROIs to each of the articulation conditions (hard articulation, easy articulation, and vowels) relative to each of the 2 nonarticulation conditions (respiration, nonspeech oral-motor (NSO) movements)
fROIs

Hard artic > respiration

Easy artic > respiration

Vowel > respiration

Hard artic > NSO

Easy artic > NSO

Vowel > NSO

L STG
L pSTG1
L pSTG2
R aSTG
R pSTG
L PrCG
R iPrCG
R sPrCG
SMA
L Cereb
R Cereb
L IFGop
R IFGop

t = 8.90, P < 0.001*
t = 5.27, P < 0.001*
t = 6.27, P < 0.001*
t = 10.5, P < 0.001*
t = 5.59, P < 0.001*
t = 4.68, P < 0.001*
t = 2.87, P < 0.01
t = 5.99, P < 0.001*
t = 1.77, n.s.
t = 2.34, P < 0.05
t = 4.89, P < 0.001*
t = 2.73, P < 0.05
t = 1.95, n.s.

t = 8.28, P < 0.001*
t = 2.05, n.s.
t = 4.96, P < 0.001*
t = 7.84, P <0.001*
t = 5.42, P < 0.001*
t = 3.20, P < 0.005
t = 1.78, n.s.
t = 5.25, P < 0.001*
t = 0.14, n.s.
t = 0.99, n.s.
t = 2.12, P < 0.05
t = 1.56, n.s.
t = 1.40, n.s.

t = 6.86, P < 0.001*
t = −0.74, n.s.
t = 6.42, P < 0.001*
t = 7.72, P < 0.001*
t = 6.06, P < 0.001*
t = 3.49, P < 0.005
t = 3.32, P < 0.005
t = 4.47, P < 0.001*
t = −0.79, n.s.
t = 0.46, n.s.
t = 1.08, n.s.
t = 1.51, n.s.
t = 4.25, P < 0.001*

t = 9.71, P < 0.001*
t = 3.67, P < 0.005
t = 5.22, P < 0.001*
t = 7.88, P < 0.001*
t = 3.43, P < 0.005
t = −0.24, n.s.
t = −2.06, n.s.
t = −0.83, n.s.
t = 2.28, P < 0.05
t = 0.46, n.s.
t = 1.86, n.s.
t = 2.21, P < 0.05
t = 1.39, n.s.

t = 9.24, P < 0.001*
t = 2.41, P < 0.05
t = 3.79, P < 0.001*
t = 6.08, P < 0.001*
t = 2.84, P < 0.05
t = −1.63, n.s.
t = −3.39, n.s.
t = −1.88, n.s.
t = 0.83, n.s.
t = −0.57, n.s.
t = −0.46, n.s.
t = 0.99, n.s.
t = 2.43, P < 0.05

t = 5.95, P < 0.001*
t = 0.13, n.s.
t = 4.53, P < 0.001*
t = 4.35, P < 0.001*
t = 2.83, P < 0.05
t = −2.04, n.s.
t = −3.68, n.s.
t = −2.16, n.s.
t = 0.10, n.s.
t = −1.40, n.s.
t = −1.79, n.s.
t = 0.51, n.s.
t = 1.43, n.s.

All contrasts are estimated in data not used for deﬁning the fROIs, as described in Methods. Degrees of freedom are 19. Asterisks denote effects that survive the
Bonferroni correction for the number of fROIs (at 0.05/13 = 0.0038).

8

|

Cerebral Cortex

Figure 4. Responses to the articulation and spatial WM conditions as a function of fROI type within the macroanatomical regions that show sensitivity to both articulation and general cognitive demand. Left column: The anatomical regions (a subset of the MD parcels), which include L and R IFGop, PrCG, Insula, and SMA. Middle columns: Responses to the articulation and spatial WM conditions in the articulation-responsive fROIs (deﬁned by the hard articulation > ﬁxation contrast; the “Artic
fROIs” column) and in the MD fROIs (deﬁned by the hard > easy spatial WM contrast; the “MD fROIs” column). Right column: Voxel counts for the hard articulation >
ﬁxation contrast, the hard > easy spatial WM contrast at the P < 0.001, uncorrected at the whole-brain level threshold, and voxels that show signiﬁcant effects for
both contrasts.
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Table 4 Responses of the articulation-responsive fROIs (1) to each of the spatial WM conditions relative to the ﬁxation baseline; (2) to the hard >
easy spatial WM contrast; and (3) to the articulation conditions (hard articulation, easy articulation) relative to the spatial WM conditions (hard, easy)
fROI

Hard spatial WM > baseline

Easy spatial WM > baseline

Hard spatial WM > easy spatial WM

Articulation > spatial WM

L STG
L pSTG1
L pSTG2
R aSTG
R pSTG
L PrCG
R iPrCG
R sPrCG
SMA
L Cereb
R Cereb
L IFGop
R IFGop

t = −2.62, n.s.
t = −0.48, n.s.
t = −3.37, n.s.
t = −2.69, n.s.
t = −1.48, n.s.
t = −0.50, n.s.
t = −3.48, n.s.
t = −1.96, n.s.
t = 3.64, P < 0.001*
t = 3.97, P < 0.001*
t = 4.34, P < 0.001*
t = 3.78, P < 0.001*
t = 3.71, P < 0.001*

t = −1.53, n.s.
t = 1.21, n.s.
t = −2.59, n.s.
t = −1.49, n.s.
t = −0.56, n.s.
t = 0.76, n.s.
t = −1.69, n.s.
t = −1.21, n.s.
t = 3.43, P < 0.005
t = 2.88, P < 0.005
t = 3.89, P < 0.001*
t = 3.89, P < 0.001*
t = 2.63, P < 0.01

t = −2.27, n.s.
t = −2.50, n.s.
t = −2.25, n.s.
t = −2.68, n.s.
t = −1.98, n.s.
t = −3.48, n.s.
t = −3.92, n.s.
t = −2.24, n.s.
t = 2.33, P < 0.05
t = 4.18, P < 0.001*
t = 3.56, P < 0.005
t = 2.52, P < 0.05
t = 3.85, P < 0.001*

t = 10.52, P < 0.001*
t = 6.13, P < 0.001*
t = 5.25, P < 0.001*
t = 9.07, P < 0.001*
t = 5.57, P < 0.001*
t = 8.42, P < 0.001*
t = 6.89, P < 0.001*
t = 8.06, P < 0.001*
t = 6.25, P < 0.001*
t = 4.78, P < 0.001*
t = 5.79, P < 0.001*
t = 5.62, P < 0.001*
t = 1.73, n.s.

All contrasts are estimated in data not used for deﬁning the fROIs, as described in Methods. Degrees of freedom are 19. Asterisks denote effects that survive the
Bonferroni correction for the number of fROIs (at 0.05/13 = 0.0038).

Table 5 Responses of the MD fROIs (1) to each articulation condition (hard, easy) relative to the ﬁxation baseline; and (2) to the hard > easy articulation contrast
MD fROI

Hard articulation > baseline

Easy articulation > baseline

Hard Artic. > easy Artic.

L IFGop
R IFGop
L MFG
R MFG
L MFGorb
R MFGorb
L PrCG
R PrCG
L Ins
R Ins
L SMA
R SMA
L ParInf
R ParInfo
L ParSup
R ParSup
L ACC
R ACC

t = 2.28, P < 0.05
t = 0.72, P = n.s.
t = 2.68, P < 0.01
t = 2.39, P < 0.01
t = −0.57, P = n.s.
t = 0.30, P = n.s.
t = 4.41, P < 0.001*
t = 4.24, P < 0.001*
t = 3.22, P < 0.005
t = 1.27, P = n.s.
t = 6.96, P < 0.001*
t = 4.43, P < 0.001*
t = 3.70, P < 0.001*
t = 1.67, P = n.s.
t = 0.74, P = n.s.
t = −2.23, P = n.s.
t = −1.31, P = n.s.
t = −0.87, P = n.s.

t = 2.18, P < 0.05
t = 0.12, P = n.s.
t = 2.49, P < 0.05
t = 1.41, P = n.s.
t = −1.40, P = n.s.
t = −1.08, P = n.s.
t = 4.24, P < 0.001*
t = 3.69, P < 0.001*
t = 1.73, P < 0.05
t = −1.00, P = n.s.
t = 5.69, P < 0.001*
t = 4.01, P < 0.001*
t = 3.81, P < 0.001*
t = 1.16, P = n.s.
t = 0.16, P = n.s.
t = −2.10, P = n.s.
t = −1.83, P = n.s.
t = −1.30, P = n.s.

t = 0.87, P = n.s.
t = 1.06, P = n.s.
t = 0.89, P = n.s.
t = 1.86, P < 0.05
t = 1.31, P = n.s.
t = 2.04, P < 0.05
t = 1.26, P = n.s.
t = 0.96, P = n.s.
t = 2.70, P < 0.01
t = 3.66, P < 0.001*
t = 1.81, P < 0.05
t = 1.01, P = n.s.
t = 0.72, P = n.s.
t = 0.80, P = n.s.
t = 1.20, P = n.s.
t = 1.29, P = n.s.
t = 0.84, P = n.s.
t = 1.88, P < 0.05

ROI names: IFGop, inferior frontal gyrus, opercular portion; MFG, middle frontal gyrus; MFGorb, middle frontal gyrus, orbital portion; PrCG, precentral gyrus; SMA, supplementary motor area; InfPar, inferior parietal cortex; SupPar, superior parietal cortex; ACC, anterior cingulate (see e.g., Fedorenko et al. 2013, for more details). All
contrasts are estimated in data not used for deﬁning the fROIs, as described in Methods. Degrees of freedom are 19. Asterisks denote effects that survive the
Bonferroni correction for the number of fROIs (at 0.05/18 = 0.0027).

directly examined the relationship between articulationresponsive fROIs and domain-general MD system fROIs within
those broad areas (using the masks from the Tzourio-Mazoyer
et al. 2002 atlas to constrain the deﬁnition of individual fROIs).
Based on the articulation-responsive regions discovered by the
GSS analysis in this study, we included L and R PrecG and L and
R SMA. Based on prior studies of articulation (e.g., Dronkers
1996; Wise et al. 1999; Bohland and Guenther 2006), we additionally examined L and R IFGop and L and R Insula. Within
each of those regions, we deﬁned 2 fROIs: an articulationresponsive fROI (using the hard articulation > ﬁxation contrast)
and an MD fROI (using the hard > easy spatial WM contrast) in
each participant, and then examined the responses of these
fROIs to the articulation and spatial WM conditions (using data

not used for fROI deﬁnition, as described in Methods). For each
region, we performed a 2 (fROI type: articulation, MD) × 2 (Task:
Articulation, Spatial WM) × 2 (Difﬁculty: Hard, Easy) analysis of
variance. An interaction between fROI type and Task would
indicate distinct functional proﬁles for the articulation fROIs
versus MD fROIs within these broad anatomical areas. We further examined the overlap between voxels that show a reliable
hard articulation > baseline effect and voxels that show a reliable hard spatial WM > easy spatial WM effect (at the ﬁxed
threshold of P < 0.001, uncorrected whole-brain level).
We observed a highly reliable interaction between fROI type
and Task in each region (Fs > 6.10, Ps < 0.05; Fig. 4 and Table 6).
The articulation-responsive fROIs showed reliably stronger
responses to the 2 articulation conditions than the spatial WM
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Table 6 Results from the fROI type × Task and fROI type × Task ×
Difﬁculty interactions for each ROI
ROI
L IFGop
fROI Type × Task
fROI Type × Task × Difﬁculty
R IFGop
fROI Type × Task
fROI Type × Task × Difﬁculty
L PrCG
fROI Type × Task
fROI Type × Task × Difﬁculty
R PrCG
fROI Type × Task
fROI Type × Task × Difﬁculty
L Ins
fROI Type × Task
fROI Type × Task × Difﬁculty
R Ins
fROI Type × Task
fROI Type × Task × Difﬁculty
L SMA
fROI Type × Task
fROI Type × Task × Difﬁculty
R SMA
fROI Type × Task
fROI Type × Task × Difﬁculty

F (1,19)

P

62.08
39.31

<0.001
<0.001

65.24
28.60

<0.001
<0.001

170.52
58.11

<0.001
<0.001

245.66
51.65

<0.001
<0.001

14.87
2.40

0.001
n.s.

6.10
20.92

<0.05
<0.001

59.43
28.61

<0.001
<0.001

50.20
11.60

<0.001
<0.005

conditions, and the MD fROIs showed reliably stronger responses
to the spatial WM conditions than the articulation conditions.
Furthermore, a 3-way interaction among fROI type, Task, and
Difﬁculty was obtained in all regions except for the L Ins (Fs >
11.60, Ps < 0.005), suggesting that the difﬁculty effect is larger for
the articulation conditions in the articulation-responsive fROIs,
and for the spatial WM conditions in the MD fROIs. Finally, the
voxel overlap analysis revealed that articulation-responsive voxels (signiﬁcant for the hard articulation > ﬁxation contrast at P <
0.001 uncorrected whole-brain level) were mostly nonoverlapping
with the MD voxels (signiﬁcant for the hard > easy spatial WM
contrast at P < 0.001 uncorrected whole-brain level). Voxels that
showed sensitivity to both articulation and general cognitive
demand constituted between 1.8% and 9.6% of the total voxels
activated by either the hard articulation > ﬁxation contrast or the
hard > easy spatial WM contrast. (Note that the greater number of
articulation-responsive voxels than MD voxels is simply due to
the use of a functionally broader contrast, with the ﬁxation baseline for the former.)
In tandem, these analyses suggest that although parts of the
MD system exhibit some (relatively weak) response during articulation, in line with some role for domain-general executive
resources in speech production, there also exist articulationresponsive regions—in close proximity to those MD regions—that
show little or no response to nonspeech demanding executive
tasks (Fig. 4).

Discussion
Speech production requires an orchestrated series of cognitive
and motor events: Once a message is conceived and phonological planning has begun, ﬂuent speech requires coordination of
respiration, phonation, articulation, resonance, and prosody
(e.g., Darley 1969). Using an individual-subjects functional localization approach (e.g., Fedorenko et al. 2010), we ﬁrst identiﬁed a

set of brain regions that respond during an articulation task
(pseudoword repetition). These regions corresponded well with
a set of regions previously implicated in speech production
based on patient (e.g., Hillis et al. 2004; Richardson et al. 2012;
Graff-Radford et al. 2014; Hickok et al. 2014; Basilakos et al. 2015;
Itabashi et al. 2016) and brain imaging studies (e.g., Wise et al.
1999; Bohland and Guenther 2006; Eickhoff et al. 2009; Fedorenko
et al. 2015) and included portions of the precentral gyrus, SMA,
inferior frontal cortex, superior temporal cortex, and cerebellum.
All of these regions showed robust sensitivity to articulatory
complexity (see Table 7, below, for a summary).
We then evaluated the degree to which articulationresponsive brain regions—deﬁned functionally in each individual participant—are selective for speech production. In
Experiment 2, we examined these regions’ responses to nonarticulation tasks that share features with speech production,
and found a clear functional dissociation between the superior
temporal fROIs and the left IFGop fROI, which showed selective responses to articulation, and the fROIs in the precentral
gyrus, the SMA, and the cerebellum, which responded as strongly
during the production of nonspeech oral-motor movements as
during articulation, and showed a substantial response during the
respiration condition. Finally, in Experiment 3, we examined
the relationship between the articulation-responsive regions and
the domain-general MD regions (e.g., Duncan 2010, 2013) and
found that the articulation regions were spatially and functionally distinct from the nearby MD regions, in spite of the fact that
articulation is a complex cognitively demanding goal-directed
behavior (see Table 7). In the remainder of the paper, we discuss
how the current results inform the architecture of the human
articulation system.

Ubiquitous Sensitivity of Articulation-Responsive
Regions to Articulatory Complexity
Fluent speech requires fast sequencing of motor movements of
the articulatory apparatus. Articulatory complexity can be conceptualized in different ways, from the length of the sequence,
to its familiarity, to the particular sounds involved, and the
speed at which the sequence has to be produced. Prior studies
have explored and documented the effects of these different factors on the observed behavior and brain activity (e.g., Price 2012),
although in most prior neuroimaging studies (e.g., Segawa et al.
2015), observations of more neural activity for the more complex
condition(s) are difﬁcult to interpret as reﬂecting speciﬁc sensitivity of the articulation regions versus nearby “domain-general”
effort-sensitive MD regions without identifying those domaingeneral regions in the same participants functionally; see
Fedorenko et al. 2013 for discussion). What seems to cause the
greatest difﬁculty behaviorally, both in development and in disordered speech production, are sequences that involve clusters
of consonant sounds, as their production requires quick transitions between articulator positions (e.g., Romani et al. 2002;
Romani and Galluzzi 2005; Staiger and Ziegler 2008). We therefore manipulated complexity in this way.
All articulation-responsive regions were robustly sensitive to
articulatory complexity, with stronger responses to conditions
that require more complex articulatory movements. Producing
CCVCC-CV pseudowords elicited greater responses than simple
CV-CV pseudowords, which in turn produced a greater response
than vowels. Thus, producing harder-to-articulate sequences
requires more neural activity. (Interestingly, in spite of the
observed differences in the mean response for the hard and
easy articulation conditions, the ﬁne-grained activation patterns
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Table 7 A summary of the key results for the articulation fROIs

Sensitivity to articulatory complexity is assessed by the hard articulation > easy articulation contrast (Table 1).
Selectivity relative to respiration and NSO movements are assessed by the hard articulation > respiration and hard
articulation > NSO contrasts, respectively (Table 3). Selectivity relative to a nonspeech demanding task is assessed
by the articulation > spatial WM contrast (Table 4). Finally, sensitivity to general cognitive effort is assessed by the
hard spatial WM > easy spatial WM contrast (Table 4). A checkmark with an asterisk (darker gray) indicates a signiﬁcant effect that survived the Bonferroni correction; a checkmark without an asterisk (lighter gray) indicates an
effect at P < 0.05 or lower that did not survive the Bonferroni correction; a cross (white) indicates a nonsigniﬁcant
effect.

were similar between these conditions across the articulation
network, as shown in the Supplementary Information, suggesting that these brain regions are engaged in a similar way
by these conditions.)

Differences Among Articulation-Responsive Regions
with Respect to Their Selectivity for Speech Production
Prior studies have reported activity in premotor and motor cortices during speech production (e.g., Murphy et al. 1997; Wise
et al. 1999; Lotze et al. 2000; Brown et al. 2005; Bohland and
Guenther 2006; Guenther et al. 2006; Sörös et al. 2006), but also
during respiration (e.g., Mckay et al. 2003; Loucks et al. 2007)
and diverse nonspeech oral-motor behaviors including swallowing (e.g., Humbert and Robbins 2007), whistling (e.g., Dresel
et al. 2005), and articulator movements (e.g., Grabski et al.
2012). One fMRI study directly compared activation for speech
production and the production of nonspeech vocal tract gestures
and reported overlap (Chang et al. 2009). However, the comparisons were performed at the group level, which can overestimate
activation overlap (e.g., Nieto-Castañón and Fedorenko 2012). We
therefore deﬁned articulation-responsive regions in each brain
individually and asked whether these exact sets of voxels
respond during respiration and nonspeech oral-motor movement production. Most articulation-responsive fROIs responded
at least as strongly during the production of nonspeech oralmotor movements as during articulation, and quite strongly during the respiration condition.
A similarly strong response to articulation and nonspeech
oral-motor movement production in the articulation-responsive
regions within the precentral gyrus is consistent with prior ﬁndings of somatotopic organization of sensorimotor cortices (e.g.,
Penﬁeld and Rasmussen 1950; Lotze et al. 2000; Hesselmann
et al. 2004; Pulvermüller et al. 2006; Grabski et al. 2012).

Furthermore, a recent electrocorticography (ECoG) study showed
that ventral sensorimotor cortex is organized by key articulator
features and articulator positions (Bouchard et al. 2013; see also
Guenther 2016, for a proposal that the PrecG contains the articulator map). Plausibly, the same circuits that implement the type
of articulator and its position would be engaged whenever that
articulator is required, whether for speech or nonspeech movements, in line with proposals that speech motor and nonspeech
oral-motor control processes form an integrated system of
motor control (e.g., Ballard et al. 2003, 2009; cf. Ziegler 2003a,
2003b, 2006). (Interestingly, despite similar mean responses,
ﬁne-grained activation patterns were highly distinct between
the articulation conditions and the nonspeech oral-motor
movement condition, as revealed by multivariate analyses,
shown in the SI, suggesting that these conditions engage the
same regions, but in different ways.)
An architecture where the same brain regions support control of articulators in the context of both speech and nonspeech
movements is consistent with evidence that speech production
deﬁcits are often accompanied by general difﬁculties with oralmotor control (e.g., Ballard et al. 2000; Robin et al. 2008). However,
cases of speech difﬁculties without general oral-motor problems
have also been reported (e.g., Kwon et al. 2013; Whiteside et al.
2015). Might there be any parts of the speech articulation network selectively engaged in speech production relative to nonspeech movements?
Articulation-responsive regions in the cerebellum, like the
PrCG fROIs, responded strongly during nonspeech oral-motor
movement production. In contrast, most articulation regions in
the superior temporal cortex exhibited selectivity for speech,
with the articulation conditions eliciting stronger responses
than the nonspeech conditions. This result suggests that
these regions respond only when we produce, or prepare to
produce, speech output. Current models of speech production
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hypothesize that these superior temporal regions support phonological planning (e.g., Hickok 2009 for review) and/or monitor
the outputs of the motor system as needed for motor control
during vocal production (e.g., Guenther 2006; Rauschecker and
Scott 2009). However, these regions are not likely candidates for
eliciting selective speech articulation deﬁcits, as evidenced by
patient and intraoperative stimulation studies. Are there other,
more plausible, candidates?
Although our whole-brain GSS analysis did not discover a
robust articulation-responsive region in posterior IFG (plausibly
because of especially high interindividual variability in this
part of the brain; e.g., Fischl et al. 2008; Frost and Goebel 2012),
the analysis where we used an anatomical parcel for opercular
IFG and searched for articulation-responsive voxels within it—
in each participant individually—revealed highly robust and
replicable responses to articulation, as well as sensitivity to
articulatory complexity in the L IFGop fROI (F(1,19) = 39.3, P <
0.001; Figs 3 and 4). The L IFGop fROI further showed some
degree of selectivity for speech production (Figs 3 and 4), with
the hard articulation condition producing a stronger response
than both respiration (t(19) = 2.73, P < 0.05) and nonspeech
oral-motor movements (t(19) = 2.21, P < 0.05) (see Table 3). In
contrast, in the R IFGop fROI, the nonspeech oral-motor movement condition produced the strongest response.
Regions in the vicinity of left posterior IFG have been associated with AOS (e.g., Hillis et al. 2004; Richardson et al. 2012),
and most current models link this region with speech-speciﬁc
functions, such as implementing motor syllable programs
(Hickok 2014) or containing portions of the speech sound map
(Guenther 2016), but the precise contribution of this region to
articulation remains debated.
A recent ECoG study (Flinker et al. 2015) demonstrated that
sites within posterior IFG appear to mediate information ﬂowing from the temporal cortex (where phonological planning
likely occurs; e.g., Hickok 2009) to motor regions. Given that
during actual speech, only the motor regions were active, and
sites in posterior IFG were silent, Flinker et al. hypothesized
that the latter prepare an articulatory code that is sent to the
motor cortex where it is implemented. Although this study
provided important information about the division of labor
between articulation-responsive regions in posterior IFG versus
premotor/motor regions, it left open the question of whether
sites in posterior IFG are selectively engaged during speech
planning or whether they also support the planning of nonspeech oral-motor movements, thus leaving it unclear whether
damage to this region could result in selective speech articulation deﬁcits.
Another recent study used cortical cooling intraoperatively
(Long et al. 2016) and found that interfering with neural activity in left posterior IFG affected the timing of speech, but not
its quality (which was instead affected by cooling the speech
motor cortex). The authors suggested that left posterior IFG
may support sequence generation for speech production (see
also Gelfand and Bookheimer 2003; Clerget et al. 2011; Uddén
and Bahlmann 2012), although again, whether this region is
selective for sequencing during articulation or also nonspeech motor behaviors was not established (e.g., Kimura
1982; Goodale 1988).
Thus, given some degree of speech selectivity exhibited
by the articulation-responsive portion of the left IFGop in
the current study, it appears possible that restricted damage
to this region would lead to a selective deﬁcit in speech production, but not to difﬁculties with nonspeech oral-motor
movements. However, it remains critical to establish this

selectivity with methods that allow precise targeting of particular brain sites, ideally using functional localization, and
afford causal inferences, such as electrical brain stimulation
(e.g., Parvizi et al. 2012; cf. Borchers et al. 2012) or cooling
(e.g., Long et al. 2016).
Another difference emerged between the articulation
regions within the precentral gyrus versus posterior IFG: In the
degree of lateralization. The PrCG articulation fROIs are
robustly present in both hemispheres with no reliable differences in the strength of the response to the articulation conditions (Fig. 4, Table 5). Consistent with these robust bilateral
activations, Tate et al. (2014; see also Cogan et al. 2014; cf. Long
et al. 2016) found that intraoperative stimulation of both left
and right precentral and postcentral gyri produced speech production deﬁcits similar to those observed in dysarthria. In contrast, the IFGop articulation fROIs are highly asymmetrical with
the response in the left hemisphere being ~3 times stronger
than in the right hemisphere. This hemispheric asymmetry is
in line with the fact that left, but not right, hemisphere damage
to posterior IFG leads to articulation deﬁcits (e.g., Damasio
1992).

The Relationship Between the Articulation System
and the Domain-General multiple demand System
Given that MD regions lie in close proximity to some of the
articulation regions, and are sensitive to effort across diverse
tasks (e.g., Duncan and Owen 2000; Fedorenko et al. 2013;
Hugdahl et al. 2015), we tested whether portions of the activation landscape for articulation may result from the engagement of highly domain-general processes, like attention or
cognitive control. We conﬁrmed that articulation and MD
regions lie adjacent to each other within several macroanatomical regions; however, these sets of regions are almost
entirely nonoverlapping at the level of individual participants. These results once again highlight the fact that functionally distinct subregions often lie in close proximity to one
another within the same macroanatomical areas, and thus
discussing activation peaks from across different manipulations/studies at the level of these broad areas can be
misleading.
To conclude, we examined the brain regions of the articulation network and found robust and ubiquitous sensitivity to
articulatory complexity, an expected marker of articulationresponsive regions. Further, articulation-responsive parts of
the left posterior IFG and regions in the superior temporal
cortex showed selectivity for articulation over nonspeech
conditions, but bilateral regions in the precentral gyrus
responded strongly during both articulation and the production of nonspeech oral-motor movements. Thus, the former
regions may support speech-selective computations, but the
latter are not likely to do so. Finally, despite close spatial
proximity and despite articulation being a complex goaldirected behavior, articulation-responsive regions are functionally distinct from the domain-general regions of the fronto-parietal MD network whose regions are sensitive to
diverse demanding tasks. Of course, these domain-general
regions may still be important for some aspects of speech
perception and/or production, but they likely support distinct
computations from those implemented in the articulation
regions. These different contributions need to be taken into
account when further developing models of the human articulation system.

Articulation Network
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