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Abstract

The left insula or Broca’s area have been proposed as the neuroanatomical correlate for apraxia of
speech (AOS) based on studies of patients with both AOS and aphasia due to stroke. Studies of
neurodegenerative AOS suggest the premotor area and the supplementary motor areas as the
anatomical correlates. The study objective was to determine the common infarction area in
patients with pure AOS due to stroke. Patients with AOS and no or equivocal aphasia due to
ischemic stroke were identified through a pre-existing database. Seven subjects were identified.
Five had pure AOS, and two had equivocal aphasia. MRI lesion analysis revealed maximal
overlap spanning the left premotor and motor cortices. While both neurodegenerative AOS and
stroke induced pure AOS involve the premotor cortex, further studies are needed to establish
whether stroke-induced AOS and neurodegenerative AOS share a common anatomic substrate.
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1. Introduction

Apraxia of speech (AOS) is a motor speech disorder characterized by slow speech rate,
segmentation of syllables, sound distortions, distorted substitutions, trial-and error
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articulatory movements, and increased difficulty with increased length and complexity of
utterances (Duffy, 2013). Although AOS is frequently grouped under the heading of aphasia,
the two disorders are clinically distinguishable even though they frequently co-occur.
Numerous synonyms for AOS exist including verbal apraxia, phonetic disintegration
syndrome, and aphemia, adding to the confusion (Duffy, 2013).

The neuroanatomical correlates of AOS are controversial. In neurodegenerative disease,
atrophy in premotor and supplementary motor cortices correlate with AOS (Josephs et al.,
2006). Case reports of AOS due to stroke implicate Broca’s area, the precentral gyrus or the
insula (Schiff, Alexander, Naeser, & Galaburda, 1983; Shuren, 1993). Few larger studies
have addressed the neuroanatomy of AOS in stroke. The insula was implicated in two
studies with larger lesions corresponding to more severe apraxia (Dronkers, 1996; Ogar et
al., 2006). The premotor region has been implicated in lesions with pure AOS, although
these findings should be interpreted with caution because the study was a post-hoc analysis
of prior MRI lesion studies (Robin, Jacks, & Ramage, 2007). Another study, which took into
account the relative vulnerability of the insula to middle cerebral artery thrombosis,
concluded that the left posterior inferior frontal gyrus (Broca’s area) was the
neuroanatomical correlate of AOS (Hillis et al., 2004). The findings of Broca’s area as the
anatomical correlate for AOS were replicated in a large high-resolution structural and
perfusion MRI study (Richardson, Fillmore, Rorden, Lapointe, & Fridriksson, 2012).
Perfusion imaging can demonstrate areas outside the diffusion weighted abnormality
identifying areas which are dysfunctional but eventually survive the ischemic insult.
Therefore, studies which include only traditional MRI or CT scans may miss areas that were
dysfunctional but subsequently recovered. Prior work has shown that Broca’s area can be
hypoperfused but not infarcted in some patients with apraxia of speech (Hillis, et al., 2004).

Subjects with pure AOS due to stroke are rare because the commonest cause of AOS,
middle cerebral artery infarction, often results in aphasia. Investigators have reported
different neuroanatomical localizations of AOS because of different study designs (e.g.
lesion analysis, perfusion-weighted imaging), different patient populations investigated
(acute AOS, chronic AOS), the common co-occurrence between aphasia and AQS, and the
possibility that more than one region is responsible for motor speech programming. The
present study attempts to address the third issue (i.e. co-occurrence of aphasia with AOS) by
studying participants with AOS but not aphasia. The area of infarction in patients with AOS
but without aphasia may be smaller than AOS with aphasia and allow for more precise
identification of the area or areas of the brain crucial to (or sufficient for) the development
of AOS. Our objective was to determine the common area of infarction in patients with AOS
with equivocal or absent aphasia.

2. Material and methods

2.1. Patients

All stroke patients who underwent evaluation by a speech-language pathologist between
January 1st, 1998 and February 1st, 2012 were identified through a database kept by the
speech-language pathologists. We identified a subgroup of patients with AOS from ischemic
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stroke. From these, by chart review, we identified those with “pure” apraxia of speech (i.e.
absent or equivocal aphasia). Patients with hemorrhagic strokes were excluded.

2.2. Speech and language testing

AOS diagnosis was based on the presence of the perceptual features of the disorder
described in the Introduction and summarized in Table 1; these diagnostic features are
consistent with those described in the literature (Duffy, 2013). AOS and aphasia diagnoses
were determined by one of two speech-language pathologists (JRD and EAS) who examined
each patient with a speech and language protocol designed to elicit features of aphasia (e.g.,
spoken or written language comprehension errors; semantic or phonologic errors; word
retrieval delays or reduced rapid word retrieval; grammatical errors, spelling errors) and
AOS, including picture description, word and sentence repetition, comprehension of
language, naming and writing. Prior studies have established reliability in determining AOS
between these examiners (Josephs, et al., 2006). All patients consented to the use of their
clinical records for the purpose of research and the study was approved by the Mayo Clinic
IRB.

2.3. Neuroimaging Methods

The brain magnetic resonance imaging (MRI) studies performed closest to the time of the
infarction were used for the lesion analysis (range: 1-10 days). The MRI scanners and
acquisition parameters varied widely across the 14 years surveyed in this analysis
commensurate with the clinical workflow in place at the time of the individual study’s
acquisition. Field of view ranged from 20-22 cm with an in-plain matrix of 256 x 256 and
slice thicknesses ranging from 4-5 mm. Field strength varied from 1.5-3T. With this
protocol variability and the small number of subjects identified with pure AOS, a detailed
morphometric analysis would not provide valid results. However, given the well
circumscribed lesions identified in patients presenting with pure AOS, the data were well
suited to be subjected to a lesion tracing analysis focusing on the frequency of involvement
of large-scale functional brain areas.

There are several circumstances in which large functional regions of interest may be
preferred rather than analyzing on a millimeter-scale. One of the most common rationales
for such an approach is avoiding type | error by limiting the multiple comparisons problem.
Another common rational is to reduce type Il error by using a priori anatomic and functional
information (e.g. Brodmann’s areas) to increase the sensitivity of the analysis to identify
large-scale functional brain regions at the expense of millimeter level resolution. In addition,
given that the information processing units in the brain span multiple spatial scales (e.g.
neuron, column, circuit, and large-scale systems of brain areas), it is important to consider
the scale of observation that is best suited to the available data and the scientific question
under consideration. In this study, we aim to investigate the lesional disruption of the large-
scale motor-language network at the spatial resolution of large-scale functional brain areas.

The T2 weighted sequences were reoriented, normalized and resampled to the resolution of
the SPM8 T2 template using the unified segmentation and normalization procedure in
SPMS8. All resampled and normalized images were visually inspected and confirmed to have
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undergone high quality normalization. Each subject’s lesion was then manually traced using
the MRIcron software package (Rorden & Brett, 2000). Lesion location was verified with
diffusion weighted images when available. The Brodmann’s areas (BA) template available
within the MRIcron software package was used to identify the location of maximal lesion
overlap and regional topographic frequency of lesion occurrence. The regional topographic
frequency was defined as the number of lesions located within a functional brain region
(BA) relative to the number of lesions examined (n = 7).

3.1. Patient characteristics

Seven patients met entry criteria, median age 68 (range: 49-72). Two had mild right upper
extremity weakness, and two had mild right facial weakness; neurological examinations
were otherwise unremarkable. Patients were evaluated at a median of 3 days after stroke
(range: 1-17 days) by a speech-language pathologist. Language and AOS features for each
patient are summarized (Table 1). No patients had non-verbal oral apraxia or significant
dysarthria. Five had “pure” AOS, while two had AOS and equivocal evidence of aphasia. In
patient 1, aphasia was considered equivocally present based on reduced rapid word retrieval
and written language errors, although his writing difficulty may have reflected long-standing
learning problems. In patient 2, difficulty initiating a self-generated phrase suggested
equivocal aphasia. Four strokes were cardioembolic, one was from carotid artery disease,
one was embolic in the setting of a hypercoagulable state (metastatic ovarian cancer), and
one was cryptogenic.

3.2. MRI findings

All strokes occurred in the left hemisphere with an area spanning the motor and premotor
cortices being the region of maximum overlap (Figure 1a). Six of seven strokes involved
premotor cortex (BA6) and 7/7 involved the primary motor cortex (BA 4). Three of seven
strokes involved BA 44. Two of seven strokes involved the left insula. Table 2 reports
topographic frequency for BAs. See Figure 1b for a frequency mapping of lesion occurrence
for all BAs involved.

4. Discussion

In this study, we found that in patients with stroke induced AOS without significant
coexisting aphasia, the neuroanatomical correlate was in the premotor cortex and adjacent
precentral gyrus. Prior studies have included patients with AOS and aphasia caused by
larger areas of infarction (Dronkers, 1996; Hillis, et al., 2004). Although few cases of AOS
without aphasia have been reported, one case of severe AOS (called aphemia) without
aphasia described a lesion strikingly similar to the area of overlap in our cases at the
junction of BA 4 and 6 (Fox, Kasner, Chatterjee, & Chalela, 2001). Further, in the study by
Hillis et al., three subjects had lesions of the precentral gyrus without involvement of
Broca’s area (Hillis, et al., 2004).

The current study is unique because most other reports of AOS have included cases with
coexisting aphasia. For example, in one lesional study, all 26 AOS patients had coexisting
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aphasia, and in another, 17/18 patients had significant coexisting aphasia (Ogar, et al., 2006;
Richardson, et al., 2012). Our patients most often had small embolic lesions and were
evaluated by experienced clinicians soon thereafter. By excluding cases with coexisting
aphasia, the lesion size in our cases was smaller than prior studies, allowing for more precise
localization.

In the study by Dronkers (1996), 44 left hemisphere stroke patients were evaluated at least
one year after the stroke. Twenty five of the patients had AOS. A common area of overlap
involving the left anterior insula was identified in the AOS cases (Dronkers, 1996). As
subsequently pointed out (Hillis, et al., 2004), the results reported by Dronkers may have
been biased because the insula is one of the most common areas injured in all left MCA
strokes. In a subsequent study of chronic AOS using high resolution MRI scans and
perfusion weighted imaging, predominantly Broca’s area damage but to a lesser extent
precentral gyrus and premotor region damage predicted AOS (Richardson, et al., 2012).
Hillis et al. analyzed the lesions of 40 left hemisphere strokes with and without insula
damage in acute stroke patients, including 31 cases with AOS. They found no association
between AOS and insula damage, and instead, found that AOS was associated with ischemia
in Broca’s area (Hillis, et al., 2004). Perfusion imaging was also used and demonstrated
hypoperfusion in Broca’s area in the absence of diffusion weighted abnormality. These
studies highlight the supplemental information perfusion imaging can provide in addition to
lesion analysis. However, five cases with AOS who did not have Broca’s area lesions were
also noted, and they suggested that in those patients the lesions responsible for the AOS
were in the precentral and postcentral gyrus area (Hillis, et al., 2004). Our findings also
demonstrate lesion overlap in the precentral and postcentral gyri.

The neuroanatomical correlates of neurodegenerative AOS without aphasia have been
studied with voxel based morphometry (Josephs, et al., 2006) with findings demonstrating
grey matter atrophy predominantly in the superior premotor cortex spreading to the
precentral gyrus, and in the supplemental motor area. In contrast, neurodegenerative patients
with aphasia plus AOS had atrophy of the premotor cortex and greater involvement of
Broca’s area (Josephs, et al., 2006). In a different study, the degree of AOS correlated with
premotor volume whereas agrammatic aphasia severity correlated with Broca’s area
(Whitwell et al., 2013). The study by Hillis et al. seems congruent with these findings as
most cases in their study likely had aphasia and AOS, akin to the neurodegenerative cases
with aphasia and AOS (Hillis, et al., 2004). While the cases in our study also involve the
premotor and precentral gyrus similar to neurodegenerative cases, differences in
methodologies between the studies limit our ability to match region of maximal atrophy in
the neurodegenerative cases to the region of greatest lesion overlap reported here.

Previously, the discrepant anatomic findings from the neurodegenerative causes of AOS
could not be reconciled with stroke-induced AOS. Our study provides a link between the
stroke-induced lesion cases and degenerative cases. When AOS occurs with aphasia, in both
degenerative and stroke cases, Broca’s area appears to be damaged consistently. In contrast,
when AOS occurs without aphasia, the left premotor cortex and precentral gyrus are
involved in both the stroke and neurodegenerative causes.
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A motor speech network has been reliably identified through meta-analysis of functional
magnetic resonance imaging (Eickhoff, Heim, Zilles, & Amunts, 2009). The network
consists of the inferior frontal gyrus, face region of the motor cortex, anterior insula, and the
lateral premotor cortex in addition to the cerebellum and head of the caudate. Interestingly,
the inferior frontal gyrus, the anterior insula and the premotor cortex have all been
implicated in stroke induced or neurodegenerative AOS. Rather than a single anatomic
lesion causing AOS, it is more likely that a lesion in a key hub or the connections between
hubs of the motor speech network can cause AOS. The location and size of lesion likely play
critical roles in determining the presence and severity of coexisting features with AOS. For
example, lesions involving the anterior insula tend to be large and cause chronic AOS and
aphasia (Trupe et al., 2013). Broca’s area lesions also cause AOS and aphasia (Hillis, et al.,
2004). This is in contrast to rare lesions involving the premotor cortex as it joins the primary
motor cortex which can cause a pure AOS.

While the premotor cortex is consistently activated as part of the motor speech network, its
role in speech is incompletely understood. Electrical stimulation of the ventral premotor
cortex during surgical mapping induces anarthria (Duffau et al., 2003). A network model of
the motor speech network suggests that premotor cortex serves as a final common pathway
for translating intended movements after receiving information from the basal ganglia and
cerebellum (Eickhoff, et al., 2009). Therefore, based on this model, a directed stroke to the
premotor region could cause AOS.

Limitations of the present study include the small sample size due to the rarity of AOS with
aphasia. In addition, since perfusion imaging was not performed in our cases it is possible
that hypoperfusion of Broca’s area was present in the acute setting in the four cases without
Broca’s area involvement. Comparison of stroke induced AOS to the anatomy of
neurodegenerative AOS must be made with caution given the differences in imaging
modalities used. While both stroke induced AOS and neurodegenerative AOS overlap in BA
4 and 6, subregional analysis was not possible due to difference between studies.
Additionally, only acute stroke patients were studied, thus, limiting our ability evaluate what
damage to these regions means for speech motor programming generally. Limited follow-up
information was available on these patients. AOS may have resolved in these patients; it is
possible that in order to have persistent AOS disconnection or a functional impairment of
Broca’s area may be required.

5. Conclusions

In stroke-induced acute AOS with equivocal or no aphasia, an area involving the left
premotor and motor cortices is the region of greatest overlap. When this clinical syndrome is
seen, physicians should suspect an embolic stroke in the premotor/motor area. Our results
differ from prior studies because we excluded coexisting aphasia. Further research is needed
to establish if stroke-induced AOS and neurodegenerative AOS share a common anatomic
substrate.
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Figure 1.
Topographic Distribution of Lesion Apraxia of Speech (A) The lesions for each of the seven cases is overlaid on coronal

sections of the template brain using MRIcron(Rorden & Brett, 2000) with color coding matching the case numbers in the Table.
(B) The regional frequency of lesion occurrence within Brodmann’s areas (expressed as the percentage of cases located within
the region) displayed on a rendering of the cortical surface using the BrainNet Viewer (http://www.nitrc.org/projects/bnv/).
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