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We tested the hypothesis that motor planning and programming of speech articulation
and verbal short-term memory (vSTM) depend on partially overlapping networks of neural
regions. We evaluated this proposal by testing 76 individuals with acute ischemic stroke
for impairment in motor planning of speech articulation (apraxia of speech, AOS) and
vSTM in the first day of stroke, before the opportunity for recovery or reorganization of
structure-function relationships. We also evaluated areas of both infarct and low blood
flow that might have contributed to AOS or impaired vSTM in each person. We found
that AOS was associated with tissue dysfunction in motor-related areas (posterior primary
motor cortex, pars opercularis; premotor cortex, insula) and sensory-related areas (primary
somatosensory cortex, secondary somatosensory cortex, parietal operculum/auditory
cortex); while impaired vSTM was associated with primarily motor-related areas (pars
opercularis and pars triangularis, premotor cortex, and primary motor cortex). These results
are consistent with the hypothesis, also supported by functional imaging data, that both
speech praxis and vSTM rely on partially overlapping networks of brain regions.

Keywords: apraxia of speech, speech production, motor control, aphasia, language, stroke, short term memory

As effortless as it seems, articulation of speech requires
orchestration of an incredibly complex motor system: rapid and
fine-tuned timing of movements of the lips, tongue, jaw, soft
palate, vocal folds, laryngeal muscles, and respiratory muscles.
These movements must all occur in the correct order for the
word to be pronounced correctly. A breakdown in this motor
plan or sequence of articulatory movements results in variable
substitutions, deletions, transpositions, and insertions of speech
sounds, known as apraxia of speech (AOS). AOS is a speech
disorder characterized by slowed speech rate, sound distortions,
phoneme substitutions, and trial and error speech attempts;
speech difficulties increase with increased length and complexity
of utterances (Graff-Radford et al., 2014). The nature of the
disorder, as a motor disorder or a linguistic disorder or disor-
der of phonological short-term memory, has been controversial.
But this controversy may be poorly framed. Motor planning of
speech articulation, some linguistic processes, and some aspects
of phonological short-term memory (e.g., articulatory rehearsal)
may all depend on at least some of the same neural mechanisms.
That is, all of these functions may depend on a complex network
of neurons synapsing in the right order, supporting the accurate
maintenance of the sequence of (planned or actual) movements

of the muscles of the speech articulation, which are instantiated
as a sequence of phonemes, syllables, words, or digits. It is not
clear that it makes sense to ask if breakdown in one behavioral
manifestation of this process is “caused by” breakdown in another
behavioral manifestation of the same underlying neural process.
By hypothesis, the behavioral impairments reflect the disruption
of the underlying neural mechanism. Depending on the complex-
ity of the behavioral task, any of these tasks (e.g., articulation of an
utterance, a linguistic task, rehearsal, recall of digits) will engage
other cognitive/neural processes as well, and thus may also be
sensitive to disruption in other neural mechanisms.

The underlying anatomy of speech praxis (i.e., location of
lesions that result in AOS) has also been controversial, with
different stroke-based studies reporting maximal lesion overlap
in (or significant associations with) different regions including
the anterior insula (Dronkers, 1996), Broca’s area (Hillis et al.,
2004; Richardson et al., 2012), and premotor cortex/precentral
gyrus (Graff-Radford et al., 2014). Studies of AOS in neurode-
generative disease also implicate premotor cortex and, in addi-
tion, the supplementary motor area (SMA; Josephs et al., 2006).
Taken together, these studies suggest that there is not a single
area that is responsible for planning and orchestration speech
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articulation, but a network of regions functioning together. Such a
network view is consistent with models of speech motor control,
which implicate sensorimotor networks including a constellation
of motor (Broca’s area, premotor cortex, primary motor cortex,
SMA), sensory (auditory and somatosensory cortex), and sen-
sorimotor integration areas (posterior parietal lobe/area Spt and
cerebellum) (Terband et al., 2009; Golfinopoulos et al., 2010;
Hickok et al., 2011; Houde and Nagarajan, 2011; Hickok, 2012).

Meanwhile, work on the neural basis of verbal short-term
memory (vSTM), predominantly based on functional imaging
methods, has identified some of the same regions including
portions of Broca’s area, the anterior insula, and premotor cortex
(Awh et al., 1996; Smith and Jonides, 1997; Chein et al., 2002;
Hickok et al., 2003; Buchsbaum and D’Esposito, 2008; Chein
and Fiez, 2010). As mentioned, this apparent overlap is not
unexpected as aspects of motor speech (specifically, articulatory
rehearsal) constitute an important component of vSTM (Bad-
deley, 1992). Indeed, some theorists have explicitly proposed
that vSTM is an emergent property—a kind of evolutionary
exaptation—of the speech production system (Hickok et al.,
2003; Postle, 2006; Buchsbaum and D’Esposito, 2008; Buchsbaum
et al., 2011). Thus, there are reasons to predict some degree
of overlap in the neural systems underlying vSTM and AOS.
Nevertheless, the relation between vSTM and AOS has not been
fully elucidated.

The aim of the present study is two-fold. The first is to
investigate the neural regions critical for planning and program-
ming of speech articulation by evaluating AOS and associated
areas of tissue dysfunction using Magnetic Resonance Imaging
(MRI) with perfusion data in a large sample of stroke patients
in the acute stage. This approach provides a measure of total
tissue dysfunction (regions of infarct and low blood flow beyond
the infarcted zone) and is not contaminated by compensatory
processes—neural or behavioral—that can complicate interpre-
tation of chronic stroke data. The second is to investigate the
neural regions critical for vSTM in the same acute stroke dataset
and its relation to AOS. There is reason to believe that speech
praxis and vSTM have a partially, but not completely, overlapping
neural basis (Baddeley, 1992; Hickok et al., 2003; Buchsbaum and
D’Esposito, 2008). While AOS is thought to predominantly impli-
cate motor articulation systems—those that one would expect
to be involved in rehearsal—vSTM is comprised of a broader
network including some form of a phonological store (Baddeley,
1992; Buchsbaum and D’Esposito, 2008; Buchsbaum et al., 2011).
Previous work suggests that AOS is associated with a network of
regions, rather than a single region, which partially overlaps with
the network associated with vSTM deficits in the same patients
(Awh et al., 1996; Smith and Jonides, 1997; Chein et al., 2002;
Hickok et al., 2003, 2011; Buchsbaum and D’Esposito, 2008;
Terband et al., 2009; Golfinopoulos et al., 2010; Chein and Fiez,
2010; Houde and Nagarajan, 2011; Hickok, 2012).

METHODS
PARTICIPANTS
We enrolled a series of 76 acute stroke patients within 24 h
of admission to the hospital for acute ischemic predominantly
left hemispheric stroke. Exclusion criteria included the following:

patients with purely brainstem or cerebellar stroke; non-native
speaker of English; known uncorrected hearing or visual loss;
reduced level of consciousness, intubation, or ongoing intra-
venous sedation; prior neurological disease (including previous
stroke); hemorrhage on initial imaging, contraindication to MRI
(e.g., implantation of any ferromagnetic metal; pregnancy; severe
claustrophobia; allergy to Gadolinium contrast; or moderate to
severe renal failure (glomerular filtration rate < 60; contraindi-
cation for Gadolinium)). We obtained informed consent from all
participants with adequate comprehension, or from their identi-
fied decision-maker for those with impaired comprehension. This
study was approved by the Johns Hopkins Institutional Review
Board.

The participants were age 29–85 years old (mean 58.0; s.d.
12.9), with 4–20 years of education (mean 13.9; s.d. 3.4);
35 (46.1%) were female. The Western Aphasia Battery-Revised
(WAB-R; Kertesz, 2012), Aphasia Quotient (AQ) ranged from
12–100, with a mean of 86.9 (s.d. 19.5). National Institutes of
Health Stroke Scale (NIHSS) score was recorded in 38 patients
(including 10 with AOS), and ranged from 0–24, with a mean of
6.65 (SD 5.5) at the time of admission. Five of the patients (all
without AOS) had received intravenous tissue plasminogen acti-
vator (tPA) prior to the MRI or speech and language testing. None
of the participants were completely mute, but one produced no
intelligible words. A total of 54 patients had aphasia as classified
by the WAB-R (AQ< 93.8).

PROCEDURE
Participants were administered a battery of language tasks that
took approximately 1.0–2.0 h to administer, depending on stroke
severity. This battery included standardized tasks, including the
Apraxia Battery for Adults (ABA; Dabul, 2000) and the WAB-R,
as well as non-standardized digit span tasks (described below) and
additional naming, reading, spelling, and comprehension tests
used our Stroke Cognitive Outcomes and REcovery (SCORE)
lab and the Multicenter Aphasia Recovery Center (MARC) (not
relevant to this study).

A trained technician administered the tests. The ABA involves
structured speech tasks (e.g., repetition of words of increasing
length), as well as obtaining a variety of speech samples (oral
reading, serial speech, discourse), which are scored for char-
acteristics of AOS (e.g., “exhibits abnormal prosodic features”,
“exhibits visible/audible searching”, “exhibits numerous and var-
ied off-target attempts at the word”, “exhibits awareness of errors
and inability to correct them”, and “exhibits expressive-receptive
gap”). The speech samples were recorded and reviewed by two
speech-language pathologists who came to agreement on the final
scores. We defined AOS as ≥3 of four abnormal scores on the
ABA subtests of Words of Increasing Length A and B (which
scores an increase in articulatory errors with increased word
length for short and longer words/phrases, respectively), Repeated
Trials (which scores variability in errors in repetition of the same
polysyllabic words), and Inventory of Articulation (which scores
characteristics of AOS). Absence of AOS was defined as 0 or 1
abnormal scores on these four subtests. Cases of two of four
abnormal scores were considered “indeterminate” and were not
included in the study. We used a dichotomous classification of
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AOS, because we are not aware of a well-validated and reliable
objective measure of severity of AOS. A patient who has more
characteristics of AOS does not necessarily have more severe AOS,
for example. (In fact, the most severely apractic patients are mute
or almost so, and have fewer characteristics). Even more errors
on polysyllabic words does not indicate that the patient has more
severe AOS (again because the most severe patients are almost
mute and produce few “errors”).

Verbal short-term memory (vSTM) task
vSTM was assessed with a forward digit span task. Partici-
pants heard series of numbers, of increasing length, which they
repeated. They were asked to both point to the correct numbers,
and say them aloud (if they could speak). The technician recorded
whichever response was more accurate if there was a discrepancy
between spoken and pointing response. Occasionally, a patient
with AOS would point to digits he or she could not say, and these
were recorded as the response.

Participants received two trials at each list length, beginning
with 2-items per series. Testing continued until the participant
failed both items at a given span length, and span was calculated as
the maximum list length for which the participant was successful
on at least one trial. Impaired digit span was defined as a forward
digit span<5.

Magnetic Resonance Imaging (MRI)
Patients underwent MRI within 48 h of being admitted to the
hospital (within 24 h of behavioral testing). The MRI protocol
included the following: Axial T2 and Fluid Attenuated Inversion
Recovery (FLAIR; to evaluate for old lesions), Diffusion-Weighted
Imaging (DWI) to identify the site of acute infarct; susceptibility
weighted imaging (SWI; to evaluate for hemorrhage); and high-
resolution magnetization-prepared rapid acquisition with gradi-
ent echo (MPRAGE) to register to the MNI atlas; and dynamic-
susceptibility contrast echo-planar Perfusion Weighted Imaging
(PWI). For PWI, 20 cc of Gadolinium was power-injected at 5
cc/s. All scans were acquired parallel to the anterior commissure-
posterior commissure line.

To identify areas of dense ischemia/infarct, the areas that were
bright on DWI and dark on apparent diffusion coefficient (ADC)
were manually drawn using MRICron. For PWI scans, dysfunc-
tion was indicated by >4 s delay in time to peak (TTP) arrival
of Gadolinium in a voxel, compared to the homologous voxel in
the right hemisphere. Four seconds delay in TTP corresponds to
dysfunctional tissue as defined by positron emission tomography
(PET; Sobesky et al., 2004; Zaro-Weber et al., 2010). The seg-
mented “lesion” was dysfunctional tissue that was either infarcted
on DWI/ADC and/or hypoperfused on PWI. In some acute stroke
cases the infarct is larger than the area of hypoperfusion (when
there has been immediate reperfusion), and in others, the area
of hypoperfusion extends beyond the infarct. A group map of
affected voxels in our sample is provided in Figure 1.

Lesion-deficit analysis procedures
Voxel-based lesion symptom mapping (VLSM; Bates et al., 2003)
implemented in Matlab (Mathworks, Inc.) was used amongst
the 76 patients to identify voxels for which a t-test indicates

FIGURE 1 | Group map of infarcted/hypoperfused voxels in the entire
sample.

that patients with dysfunction in that voxel perform significantly
different than patients who do not have dysfunction in that voxel.
“Dysfunction” was determined using both DWI and the PWI
data, thus including both densely infarcted and hypoperfused
tissue. VLSMs were conducted for AOS and forward digit span
measures, respectively. A voxel-wise significance threshold of p <
0.01 was used, and then multiple comparisons were controlled
for using a cluster size-based permutation method (1000 per-
mutations), such that significant voxel clusters that were larger
than 95% of the significant clusters in the random permutations
passed threshold. Variance due to functional lesion size (i.e.,
number of voxels with infarct and/or significant hypoperfusion)
was regressed out of both VLSM analyses via an Analysis of
Covariance (ANCOVA). The resulting statistical maps are visual-
ized overlaid upon the MNI152 standard-space T1-weighted tem-
plate brain using FMRIB Software Library’s (FSL) View software
(Smith et al., 2004).

RESULTS
BEHAVIORAL RESULTS
There were 17 patients with AOS and 59 patients without AOS
using the above criteria for AOS. There were no significant dif-
ferences by independent t-tests between those with and without
AOS in age (57.8 ± SD 14.2 vs. 58.0 ± 12.6; t = 0.05; p = 0.96) or
stroke severity measured by NIHSS (mean 6.5 ± 5.8 vs. 6.7 ± 5.5;
t = 0.1; df35; p = 0.92). There were 15 patients with impaired digit
span, and 61 without impaired digit span. There was no difference
between those with and without impaired digit span in age (mean
59.8 vs. 57.5 years; t = 0.62; df74; p = 0.54) or stroke severity
(NIHSS = 6.6 ± 5.5 vs. 6.7 ± 5.5; t = 0.1; df35; p = 0.92).
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There were 12 individuals with both AOS and impaired vSTM;
five with AOS with normal vSTM; and three with reduced vSTM
but no AOS. There was a strong association between AOS and
vSTM (χ2 = 35.7 ; p < < 0.0001). All 17 patients with AOS
also had aphasia (defined as AQ on the WAB of <93.8); however,
37 patients had aphasia without AOS. Likewise, all 15 patients
with impaired vSTM and aphasia; however, there were 39 patients
with aphasia with normal vSTM. Aphasia was significantly (but
weakly) associated with AOS (χ2 = 7.0 ; p = 0.01) and vSTM
(χ2 = 5.3 ; p = 0.02).

To further assess the relation between AOS and vSTM behav-
iorally, and to make sure the association could not simply be
attributed to an association with a third variable, large infarcts, we
carried out an ANCOVA using AOS as a two-level factor (AOS+
vs. AOS−), lesion volume as a covariate to factor out the effects
of lesion size, and digit span score as the dependent variable.
The adjusted means reflected worse digit span performance in
those patients with AOS (AOS+, adjusted mean = 3.41) com-
pared to patients without AOS (AOS−, adjusted mean = 6.54).
This difference proved to be highly reliable in the ANCOVA
(F(1,73) = 33.92, p< 0.001). Thus, AOS is associated with reduced
digit span.

IMAGING RESULTS
No significant voxels were found in the right hemisphere. All
results reported are for left hemisphere structures.

Brain regions associated with AOS are presented in
Figures 2A, 3 and include the pars opercularis (posterior

FIGURE 3 | Group maps showing voxels in somatosensory cortex
significantly related to apraxia of speech. Arrows indicate the central
sulcus.

sector of Broca’s area), premotor cortex, the anterior and
posterior insula, pre-central gyrus, post-central gyrus, post-
central sulcus, posterior parietal/parietal operculum, and

FIGURE 2 | Group map of voxels significantly related to apraxia of speech (A) and impaired digit span performance (B). Left hemisphere is shown.
Arrows indicate the central sulcus.
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Table 1 | Anatomical locations containing significant voxels in the
apraxia of speech and digit span VLSMs, respectively.

Apraxia of speech Digit span

Frontal L inferior frontal
gyrus (44)

L inferior frontal
gyrus (44/45)

L middle frontal
gyrus (9)

L middle frontal
gyrus (9)

L pre-central
gyrus (4/6)

L pre-central gyrus (4/6)

Parietal L inferior parietal
lobule (40)

—

L post-central
gyrus (3/1/2/43)

—

L supramarginal
gyrus (40)

—

Temporal L transverse temporal
gyrus (41)

—

Other L insula (13) —

Approximate Brodmann areas of implicated voxels are in parentheses.

auditory cortex/parietal operculum (although the analyses clearly
turn up voxels in primary auditory cortex, the close proximity to
the parietal operculum suggests extreme caution in localizing a
real effect to auditory cortex). Table 1 provides a list of involved
areas based on the Julich probabilistic cytoarchitectonic atlas and
Talairach atlas provided in FSL (Talairach and Tournoux, 1988;
Lancaster et al., 2000, 2007; Eickhoff et al., 2005, 2006, 2007).
Dysfunction in voxels in these regions results in a significantly
higher incidence of AOS compared to when these voxels are
non-ischemic (non-infarcted and normally perfused).

Brain regions associated with impaired digit span are pre-
sented in Figure 2B and include predominantly frontal regions:
Broca’s area (both the pars opercularis and portions of the pars
triangularis), premotor cortex, and precentral gyrus. Table 1
provides a list of involved areas based on the Julich probabilis-
tic cytoarchitectonic atlas and Talairach atlas provided in FSL
(Talairach and Tournoux, 1988; Lancaster et al., 2000, 2007;
Eickhoff et al., 2005, 2006, 2007). Dysfunction in voxels in these
regions results in significantly lower digit span scores compared
to when these voxels are normally perfused.

As is evident, there is substantial overlap in the brain regions
associated with AOS and impaired digit span. Regions of overlap
include the pars opercularis portion of Broca’s area, premotor cor-
tex, and motor cortex in the precentral gyrus. Regions implicated
in AOS but not impaired digit span include the insula, somatosen-
sory cortex in the post central gyrus, the temporal-parietal
junction, and auditory cortex. Regions implicated in impaired
digit span but not AOS include the pars triangularis portion
of Broca’s area. Figure 4 displays the relation between regions
implicated in AOS and impaired digit span.

DISCUSSION
Several findings emerged from this study. Our results are consis-
tent with the hypothesis that both speech praxis and vSTM rely on
networks of regions, not single areas (see also, Trupe et al., 2013).
For speech praxis a sensorimotor network was identified that
included not only a constellation of motor-related areas (primary

motor cortex, pars opercularis; premotor cortex, insula) but also
sensory-related areas (primary somatosensory cortex, secondary
somatosensory cortex, parietal operculum/auditory cortex). For
vSTM a more focal network emerged that included primarily
motor-related areas, pars opercularis and pars triangularis, pre-
motor cortex, and primary motor cortex. The networks underly-
ing speech praxis and vSTM overlap in the pars opercularis, pre-
motor, and motor cortex, an overlap that is reflected in behavior:
patients with AOS have reduced digit spans compared to patients
without AOS.

RELATION BETWEEN DISRUPTED NETWORKS ASSOCIATED WITH AOS
AND SPEECH MOTOR CONTROL MODELS
The network organization of speech production revealed by
infarct/hypoperfusion patterns in AOS following acute stroke
is consistent with current behavioral data and neurocomputa-
tional models of speech motor control (Terband et al., 2009;
Golfinopoulos et al., 2010; Hickok et al., 2011; Houde and
Nagarajan, 2011; Hickok, 2012). It is well-established that motor
control generally and speech motor control specifically is depen-
dent on sensorimotor integration (Wolpert et al., 1995; Guenther
et al., 1998; Houde and Jordan, 1998). With respect to speech,
there is strong evidence for both auditory-motor (Houde and
Jordan, 1998; Larson et al., 2001; Houde et al., 2002; Heinks-
Maldonado et al., 2006; Tourville et al., 2008) and somatosensory-
motor interaction (Tremblay et al., 2003; Nasir and Ostry, 2006).
This work demonstrates that the targets for speech acts are sen-
sory in nature (Guenther et al., 1998; Perkell, 2012) and most
computational models assume that sensorimotor circuits imple-
ment one or another form of sensory-guided feedback control
of motor speech actions (Tourville et al., 2008; Golfinopoulos
et al., 2010; Hickok et al., 2011; Houde and Nagarajan, 2011;
Hickok, 2012). In this context, it is not surprising to find
that a motor speech deficit, such as AOS, implicates sensory
systems.

It is interesting that AOS strongly implicates somatosensory
cortex, both SI and SII, in our study. Previous smaller-scale studies
of AOS have indicated this possibility (McNeil et al., 1990), but
somatosensory regions have not emerged from larger-scale inves-
tigations (Dronkers, 1996; Hillis et al., 2004; Trupe et al., 2013).
Somatosensory cortex has been implicated in speech production
error patterns in aphasia, however. Schwartz et al. (2012) report a
recent large-scale study of chronic aphasia (N = 106) in which
phonological errors in naming were found to be significantly
related to damage in somatosensory cortex including both SI and
SII, with the largest cluster including the post-central gyrus. The
sample of 106 patients included 23 patients with AOS. When
these patients were removed from the analysis, the distribution
of implicated regions shifted posteriorly and centered on the
supramarginal gyrus rather than the post-central gyrus (still likely
involving SII, however) and also included auditory-motor area
Spt, which occupies the posterior Sylvian region at the parietal-
temporal boundary (including posterior parietal operculum and
planum temporale) (Hickok et al., 2003, 2009; Buchsbaum et al.,
2011). The pattern of sensory cortex damage associated with
AOS in the present study more closely resembles the pattern
Schwartz et al. report for their whole sample (including the
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FIGURE 4 | Group maps showing the relation between voxels significantly related to apraxia of speech and impaired digit span performance. Arrows
indicate the central sulcus.

AOS patients): we did not observe substantial involvement of
the posterior Sylvian region. These patterns of results hint at a
hierarchical organization of sensorimotor circuits (Hickok, 2012)
in which the somatosensory system participates in a lower level
of motor control, consistent with the more motoric nature of
AOS, and in which the auditory-motor system participates in a
higher level of motor control, consistent with non-apraxic (e.g.,
“phonological”) speech errors typical of conduction aphasia and
other posterior, fluent aphasias (Hillis, 2007). Indeed, the lesions
associated with conduction aphasia overlap with auditory-motor
area Spt (Buchsbaum et al., 2011).

RELATION BETWEEN vSTM NETWORK AND FUNCTIONAL
IMAGING-BASED MODELS OF vSTM
We found a more restricted set of regions involved in vSTM
deficits compared to those implicated in AOS. Whereas AOS
implicated both motor and sensory regions, vSTM deficits were
associated primarily with motor speech areas. Given behavioral
(Baddeley, 1992) and functional-anatomic models (Awh et al.,
1996; Smith and Jonides, 1997; Buchsbaum et al., 2005; Baldo and
Dronkers, 2006; Postle, 2006) of vSTM, the involvement of motor
areas is predicted as vSTM involves an articulatory rehearsal
component. But vSTM also involves a sensory or “storage” com-
ponent, leading one to expect, also, the involvement of posterior,
sensory-related regions (Paulesu et al., 1993; Jonides et al., 1998;
Wilson, 2001; Ruchkin et al., 2003; Buchsbaum and D’Esposito,
2008). Closer consideration, however, suggests a possible expla-
nation for why sensory-regions are not implicated in the present
study. In models of vSTM the sensory or storage component is a
passive store that maintains information over a limited temporal
window of approximately 2 s (Baddeley, 1992). Thus, without the

articulatory rehearsal component, span would drop to very low
list lengths (∼2 items in a span task that involves presenting items
1 every second). It follows that whether the patients were classified
as impaired vSTM or not (whether their digit span was <5 or
≥5) depended primarily on the status of articulatory rehearsal.
Thus, our findings for the neural correlates of vSTM deficits can
be interpreted as primarily reflecting impairments of articulatory
rehearsal, which implicates motor-related regions. We also may
not have had sufficient number of patients with tissue dysfunction
in posterior storage-related areas to have the power to detect the
association with impaired vSTM.

CONCLUSIONS
The present study suggests that speech praxis depends on senso-
rimotor networks underlying speech motor control, which are at
least partially shared by vSTM tasks like digit span. That is, acute
disruption to shared parts of these neural networks is reflected in
both AOS and impaired vSTM. Because these networks involve a
constellation of motor- and sensory-related regions, and because
these deficits can, presumably, be caused by damage to different
components of these networks, the brain region(s) implicated
in any one study of AOS or vSTM will be dependent on the
peculiarities of sample distribution. Furthermore, in the case of
chronic stroke studies, the brain regions found to be associated
with the deficits will depend on the degree of recovery of the
participants studied—which may depend on lesion size, time
post-onset, or even individual variability in behavioral and neu-
ronal compensatory processes (Jarso et al., 2013). In fact, AOS
or impaired vSTM might resolve more quickly than the other,
even if they rely on overlapping networks of neural regions.
For example, tasks of vSTM might be more “difficult”—might
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tax the shared sensorimotor network we have identified more
than speech praxis—such that speech articulation might recover
despite persistent impairment in vSTM. These complexities have
resulted, we suggest, in a murky picture of the neural basis of
speech praxis and vSTM. The present study avoided some of these
complications by: (1) employing a fairly large sample size; (2) in
an acute stage of disruption, thus precluding recovery and com-
pensatory processes; and (3) using a sensitive measure of tissue
dysfunction (infarct plus hypoperfusion). Using this approach,
we conclude that AOS reflects a disruption of a relatively lower-
level of sensorimotor cortical control of speech involving pre-
dominantly somatosensory-motor circuits that are also required
for vSTM tasks (such as digit span), rather than auditory-motor
circuits, which are implicated in higher-level motor control. The
circuits required for speech praxis overlap with those required
for vSTM (perhaps the articulatory rehearsal component) in pars
opercularis portion of Broca’s area, premotor cortex, and motor
cortex in the precentral gyrus.

ACKNOWLEDGMENTS
This publication was made possible by NIH grants R01 DC
05375 and R01 DC 03681 from NIDCD. We gratefully acknowl-
edge these mechanisms of support and the participation of the
participants.

REFERENCES
Awh, E., Jonides, J., Smith, E. E., Schumacher, E. H., Koeppe, R. A., and Katz, S.

(1996). Dissociation of storage and rehersal in working memory: evidence from
positron emission tomography. Psychol. Sci. 7, 25–31. doi: 10.1111/j.1467-9280.
1996.tb00662.x

Baddeley, A. D. (1992). Working memory. Science 255, 556–559. doi: 10.
1126/science.1736359

Baldo, J. V., and Dronkers, N. F. (2006). The role of inferior parietal and inferior
frontal cortex in working memory. Neuropsychology 20, 529–538. doi: 10.
1037/0894-4105.20.5.529

Bates, E., Wilson, S. M., Saygin, A. P., Dick, F., Sereno, M. I., Knight, R. T.,
et al. (2003). Voxel-based lesion-symptom mapping. Nat. Neurosci. 6, 448–450.
doi: 10.1038/nn1050

Buchsbaum, B. R., Baldo, J., Okada, K., Berman, K. F., Dronkers, N., D’Esposito, M.,
et al. (2011). Conduction aphasia, sensory-motor integration and phonological
short-term memory—an aggregate analysis of lesion and fMRI data. Brain Lang.
119, 119–128. doi: 10.1016/j.bandl.2010.12.001

Buchsbaum, B. R., and D’Esposito, M. (2008). The search for the phonological
store: from loop to convolution. J. Cogn. Neurosci. 20, 762–778. doi: 10.
1162/jocn.2008.20501

Buchsbaum, B. R., Olsen, R. K., Koch, P., and Faith Berman, K. (2005). Human dor-
sal and ventral auditory streams subserve rehearsal-based and echoic processes
during verbal working memory. Neuron 48, 687–697. doi: 10.1016/j.neuron.
2005.09.029

Chein, J. M., and Fiez, J. A. (2010). Evaluating models of working memory through
the effects of concurrent irrelevant information. J. Exp. Psychol. Gen. 139, 117–
137. doi: 10.1037/a0018200

Chein, J. M., Fissell, K., Jacobs, S., and Fiez, J. A. (2002). Functional heterogeneity
within Broca’s area during verbal working memory. Physiol. Behav. 77, 635–639.
doi: 10.1016/s0031-9384(02)00899-5

Dabul, B. L. (2000). Apraxia Battery for Adults. 2nd Edn. Austin, TX: Pro-Ed.
Dronkers, N. F. (1996). A new brain region for coordinating speech articulation.

Nature 384, 159–161. doi: 10.1038/384159a0
Eickhoff, S. B., Eickhoff, S. B., Stephan, K. E., Mohlberg, H., Grefkes, C., Fink, G. R.,

et al. (2005). A new SPM toolbox for combining probabilistic cytoarchitectonic
maps and functional imaging data. Neuroimage 25, 1325–1335. doi: 10.1016/j.
neuroimage.2004.12.034

Eickhoff, S. B., Heim, S., Zilles, K., and Amunts, K. (2006). Testing anatomically
specified hypotheses in functional imaging using cytoarchitectonic maps. Neu-
roimage 32, 570–582. doi: 10.1016/j.neuroimage.2006.04.204

Eickhoff, S. B., Paus, T., Caspers, S., Grosbras, M. H., Evans, A. C., Zilles, K.,
et al. (2007). Assignment of functional activations to probabilistic cytoarchitec-
tonic areas revisited. Neuroimage 36, 511–521. doi: 10.1016/j.neuroimage.2007.
03.060

Golfinopoulos, E., Tourville, J. A., and Guenther, F. H. (2010). The integration of
large-scale neural network modeling and functional brain imaging in speech
motor control. Neuroimage 52, 862–874. doi: 10.1016/j.neuroimage.2009.10.023

Graff-Radford, J., Jones, D. T., Strand, E. A., Rabinstein, A. A., Duffy, J. R., and
Josephs, K. A. (2014). The neuroanatomy of pure apraxia of speech in stroke.
Brain Lang. 129, 43–46. doi: 10.1016/j.bandl.2014.01.004

Guenther, F. H., Hampson, M., and Johnson, D. (1998). A theoretical investigation
of reference frames for the planning of speech movements. Psychol. Rev. 105,
611–633. doi: 10.1037/0033-295x.105.4.611-633

Heinks-Maldonado, T. H., Nagarajan, S. S., and Houde, J. F. (2006). Magnetoen-
cephalographic evidence for a precise forward model in speech production.
Neuroreport 17, 1375–1379. doi: 10.1097/01.wnr.0000233102.43526.e9

Hickok, G. (2012). Computational neuroanatomy of speech production. Nat. Rev.
Neurosci. 13, 135–145. doi: 10.1038/nrn3158

Hickok, G., Buchsbaum, B., Humphries, C., and Muftuer, T. (2003). Auditory-
motor interaction revealed by fMRI: speech, music and working memory in area
Spt. J. Cogn. Neurosci. 15, 673–682. doi: 10.1162/jocn.2003.15.5.673

Hickok, G., Houde, J., and Rong, F. (2011). Sensorimotor integration in speech
processing: computational basis and neural organization. Neuron 69, 407–422.
doi: 10.1016/j.neuron.2011.01.019

Hickok, G., Okada, K., and Serences, J. (2009). Area Spt in the human planum
temporale supports sensory-motor integration for speech processing. J. Neuro-
physiol. 101, 2725–2732. doi: 10.1152/jn.91099.2008

Hillis, A. E. (2007). Aphasia: progress in the last quarter of a century. Neurology 69,
200–213. doi: 10.1212/01.wnl.0000265600.69385.6f

Hillis, A. E., Work, M., Barker, P. B., Jacobs, M. A., Breese, E. L., and Maurer,
K. (2004). Re-examining the brain regions crucial for orchestrating speech
articulation. Brain 127, 1479–1487. doi: 10.1093/brain/awh172

Houde, J. F., and Jordan, M. I. (1998). Sensorimotor adaptation in speech produc-
tion. Science 279, 1213–1216. doi: 10.1126/science.279.5354.1213

Houde, J. F., and Nagarajan, S. S. (2011). Speech production as state feedback
control. Front. Hum. Neurosci. 5:82. doi: 10.3389/fnhum.2011.00082

Houde, J. F., Nagarajan, S. S., Sekihara, K., and Merzenich, M. M. (2002). Modula-
tion of the auditory cortex during speech: an MEG study. J. Cogn. Neurosci. 14,
1125–1138. doi: 10.1162/089892902760807140

Jarso, S., Li, M., Faria, A., Davis, C., Leigh, R., Sebastian, R., et al. (2013). Dynamics
of language recovery after stroke. Cogn. Neuropsychol. 30, 454–475. doi: 10.
1080/02643294.2013.875467

Jonides, J., Schumacher, E. H., Smith, E. E., Koeppe, R. A., Awh, E., Reuter-Lorenz,
P. A., et al. (1998). The role of parietal cortex in verbal working memory. J.
Neurosci. 18, 5026–5034.

Josephs, K. A., Duffy, J. R., Strand, E. A., Whitwell, J. L., Layton, K. F., Parisi, J. E.,
et al. (2006). Clinicopathological and imaging correlates of progressive aphasia
and apraxia of speech. Brain 129, 1385–1398. doi: 10.1093/brain/awl078

Kertesz, A. (2012). The Western Aphasia Battery-Revised. San Antonio, TX: Pearson.
Lancaster, J. L., Stephan, K. E., Mohlberg, H., Grefkes, C., Fink, G. R., Amunts, K.,

et al. (2007). Bias between MNI and Talairach coordinates analyzed using the
ICBM-152 brain template. Hum. Brain Mapp. 28, 1194–1205. doi: 10.1002/hbm.
20345

Lancaster, J. L., Woldroff, M. G., Parsons, L. M., Liotti, M., Freitas, C. S., Rainey,
L., et al. (2000). Automated Talairach atlas labels for functional brain mapping.
Hum. Brain Mapp. 10, 120–131. doi: 10.1002/1097-0193(200007)10:3<120::aid-
hbm30>3.0.co;2-8

Larson, C. R., Burnett, T. A., Bauer, J. J., Kiran, S., and Hain, T. C. (2001).
Comparison of voice F0 responses to pitch-shift onset and offset conditions.
J. Acoust. Soc. Am. 110, 2845–2848. doi: 10.1121/1.1417527

McNeil, M. R., Weismer, G., Adams, S., and Mulligan, M. (1990). Oral structure
nonspeech motor control in normal, dysarthric, aphasic and apraxic speakers:
isometric force and static position control. J. Speech Hear. Res. 33, 255–268.
doi: 10.1044/jshr.3302.255

Nasir, S. M., and Ostry, D. J. (2006). Somatosensory precision in speech produc-
tion. Curr. Biol. 16, 1918–1923. doi: 10.1016/j.cub.2006.07.069

Frontiers in Human Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 649 | 7

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Hickok et al. Apraxia of speech and verbal STM

Paulesu, E., Frith, C. D., and Frackowiak, R. S. J. (1993). The neural correlates
of the verbal component of working memory. Nature 362, 342–345. doi: 10.
1038/362342a0

Perkell, J. S. (2012). Movement goals and feedback and feedforward control mech-
anisms in speech production. J. Neurolinguistics 25, 382–407. doi: 10.1016/j.
jneuroling.2010.02.011

Postle, B. R. (2006). Working memory as an emergent property of the mind and
brain. Neuroscience 139, 23–38. doi: 10.1016/j.neuroscience.2005.06.005

Richardson, J. D., Fillmore, P. T., Rorden, C., LaPointe, L. L., and Fridriksson,
J. (2012). Re-establishing Broca’s initial findings. Brain Lang. 123, 125–130.
doi: 10.1016/j.bandl.2012.08.007

Ruchkin, D. S., Grafman, J., Cameron, K., and Berndt, R. S. (2003). Working
memory retention systems: a state of activated long-term memory. Behav. Brain
Sci. 26, 709–777. doi: 10.1017/s0140525x03000165

Schwartz, M. F., Faseyitan, O., Kim, J., and Branch Coslett, H. (2012). The dorsal
stream contribution to phonological retrieval in object naming. Brain 135,
3799–3814. doi: 10.1093/brain/aws300

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E.,
Johansen-Berg, H., et al. (2004). Advances in functional and structural MR
image analysis and implementation as FSL. Neuroimage 23(Suppl. 1), S208–
S219. doi: 10.1016/j.neuroimage.2004.07.051

Smith, E. E., and Jonides, J. (1997). Working memory: a view from neuroimaging.
Cogn. Psychol. 33, 5–42. doi: 10.1006/cogp.1997.0658

Sobesky, J., Zaro Weber, O., Lehnhardt, F. G., Hesselmann, V., Thiel, A., Dohmen,
C., et al. (2004). Which time-to-peak threshold best identifies penumbral flow?
A comparison of perfusion-weighted magnetic resonance imaging and positron
emission tomography in acute ischemic stroke. Stroke 35, 2843–2847. doi: 10.
1161/01.str.0000147043.29399.f6

Talairach, J., and Tournoux, P. (1988). Co-Planar Stereotaxic Atlas of the Human
Brain. New York: Theime Medical Publishers, Inc.

Terband, H., Maassen, B., Guenther, F. H., and Brumberg, J. (2009). Computational
neural modeling of speech motor control in childhood apraxia of speech (CAS).
J. Speech Lang. Hear. Res. 52, 1595–1609. doi: 10.1044/1092-4388(2009/07-0283)

Tourville, J. A., Reilly, K. J., and Guenther, F. H. (2008). Neural mechanisms
underlying auditory feedback control of speech. Neuroimage 39, 1429–1443.
doi: 10.1016/j.neuroimage.2007.09.054

Tremblay, S., Shiller, D. M., and Ostry, D. J. (2003). Somatosensory basis of speech
production. Nature 423, 866–869. doi: 10.1038/nature01710

Trupe, L. A., Varma, D. D., Gomez, Y., Race, D., Leigh, R., Hillis, A. E., et al.
(2013). Chronic apraxia of speech and Broca’s area. Stroke 44, 740–744. doi: 10.
1161/strokeaha.112.678508

Wilson, M. (2001). The case for sensorimotor coding in working memory. Psychon.
Bull. Rev. 8, 44–57. doi: 10.3758/bf03196138

Wolpert, D. M., Ghahramani, Z., and Jordan, M. I. (1995). An internal model for
sensorimotor integration. Science 269, 1880–1882. doi: 10.1126/science.7569931

Zaro-Weber, O., Moeller-Hartmann, W., Heiss, W. D., and Sobesky, J. (2010). MRI
perfusion maps in acute stroke validated with 15O-water positron emission
tomography. Stroke 41, 443–449. doi: 10.1161/strokeaha.109.569889

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 27 May 2014; accepted: 04 August 2014; published online: 25 August 2014.
Citation: Hickok G, Rogalsky C, Chen R, Herskovits EH, Townsley S and Hillis AE
(2014) Partially overlapping sensorimotor networks underlie speech praxis and verbal
short-term memory: evidence from apraxia of speech following acute stroke. Front.
Hum. Neurosci. 8:649. doi: 10.3389/fnhum.2014.00649
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2014 Hickok, Rogalsky, Chen, Herskovits, Townsley and Hillis. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Human Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 649 | 8

http://dx.doi.org/10.3389/fnhum.2014.00649
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	Partially overlapping sensorimotor networks underlie speech praxis and verbal short-term memory: evidence from apraxia of speech following acute stroke
	Methods
	Participants
	Procedure
	Verbal short-term memory (vSTM) task
	Magnetic Resonance Imaging (MRI)
	Lesion-deficit analysis procedures


	Results
	Behavioral results
	Imaging results

	Discussion
	Relation between disrupted networks associated with AOS and speech motor control models
	Relation between vSTM network and functional imaging-based models of vSTM

	Conclusions
	Acknowledgments
	References




