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Purpose: Despite having distinct etiologies, acquired apraxia
of speech (AOS) and childhood apraxia of speech (CAS)
share the same central diagnostic challenge (i.e., isolating
markers specific to an impairment in speech motor planning/
programming). The purpose of this review was to evaluate
and compare the state of the evidence on approaches to
differential diagnosis for AOS and CAS and to identify gaps in
each literature that could provide directions for future research
aimed to improve clinical diagnosis of these disorders.
Method: We conducted a scoping review of literature
published between 1997 and 2019, following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
Extension for Scoping Reviews guidelines. For both AOS
and CAS, literature was charted and summarized around
four main methodological approaches to diagnosis: speech
symptoms, quantitative speech measures, impaired linguistic–
motor processes, and neuroimaging.
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Results: Results showed that similar methodological
approaches have been used to study differential diagnosis
of apraxia of speech in adults and children; however,
the specific measures that have received the most research
attention differ between AOS and CAS. Several promising
candidate markers for AOS and CAS have been identified;
however, few studies report metrics that can be used to
assess their diagnostic accuracy.
Conclusions: Over the past two decades, there has been
a proliferation of research identifying potential diagnostic
markers of AOS and CAS. In order to improve clinical
diagnosis of AOS and CAS, there is a need for studies
testing the diagnostic accuracy of multiple candidate
markers, better control over language impairment comorbidity,
more inclusion of speech-disordered control groups,
and an increased focus on translational work moving toward
clinical implementation of promising measures.
Differential diagnosis of apraxia of speech in adults
and children continues to be a major clinical and
research challenge, despite decades of research.

Although acquired apraxia of speech (AOS) and childhood
apraxia of speech (CAS) have distinct etiologies, both dis-
orders are presumed to be defined by difficulties with motor
planning and programming of speech movements. In the ab-
sence of biomarkers for AOS/CAS, behavioral phenotyping
based on clinical symptomatology remains the “gold stan-
dard” for the diagnosis of both disorders. Although dis-
ruptions in articulation and prosody are among the most
commonly cited speech symptoms associated with both AOS
and CAS, consensus is lacking about the core speech symp-
toms, most sensitive diagnostic criteria, and best assessment
protocols. The absence of pathognomonic speech features
has led to multiple clinical and research challenges, in-
cluding inaccurate and delayed diagnosis (Basilakos, 2018;
Forrest, 2003; McNeil et al., 2004; Mumby et al., 2007),
leading to difficulties identifying the most appropriate treat-
ment approach. The resulting challenges with differential
diagnosis have posed obstacles to research focused on iden-
tifying speech apraxia biomarkers and the biological mecha-
nisms of apraxia (e.g., genetic, neurological, physiological).
Why Is Differential Diagnosis of AOS
So Challenging?

Differential diagnosis of speech apraxia in both adult
and pediatric populations relies on the identification of
symptoms that are sensitive and specific to apraxia and
Disclosure: The authors have declared that no competing interests existed at the time
of publication.

ember 2020 • Copyright © 2020 American Speech-Language-Hearing Association

https://orcid.org/0000-0002-4137-8734
https://orcid.org/0000-0002-9433-6079


can, therefore, separate apraxia from both a higher level
language impairment (i.e., aphasia in adults, phonological
disorders in children) and a lower level impairment in motor
execution (i.e., dysarthria). Achieving agreement on opera-
tionally defined criteria for diagnosing AOS and CAS has
been an ongoing focus of research and source of disagree-
ment. Several factors have contributed to the difficulty with
establishing diagnostic criteria, including debates surround-
ing theoretical models of AOS, overlap in symptomatology
among speech disorders, and the frequency of comorbidi-
ties that also influence speech patterns.

Theoretical Models of Apraxia of Speech
Several theoretical frameworks have been proposed

to explain the deficient neural processes that give rise to
apraxia of speech. Some models of acquired AOS attribute
the disorder to a breakdown in translating encoded phono-
logical representations to articulated speech, which is con-
sidered the planning/programming stage of speech production.
Linguistic models, such as the one proposed by Levelt (1992),
conceptualize this breakdown as part of a serial processing
model, specifically affecting the construction of an accurate
phonetic plan (i.e., phonetic encoding). Although in theory
differentiable, these model stages are not easily clinically
observed (Maassen, 2002). For this reason, some researchers
have argued for a conceptualization of apraxia of speech
that focuses more on dynamic interactions of linguistic and
motor speech processes (Ziegler et al., 2012). In fact, recent
computational models have emerged that integrate linguistic
and motor speech processes (Guenther et al., 2006; Levelt
et al., 1999; Tourville & Guenther, 2011) and serve as a ba-
sis for making specific predictions about neuroanatomic
correlates to speech production processes. The Directions
Into Velocities of Articulators (DIVA) is one such example
of neuroanatomically specific computational account of
speech production (Guenther, 2016; Guenther et al., 2006;
Tourville & Guenther, 2011). The DIVA model emphasizes
the importance of integrated feedforward and feedback
commands in speech production and theorizes that apraxia
of speech can result from weak feedforward commands,
resulting in overreliance on feedback. The DIVA model
and other computational models, including the State Feed-
back Control (Houde & Nagarajan, 2011) and Hierarchical
State Feedback Control (Hickok, 2012) models, have served
as the theoretical framework for several behavioral para-
digms aimed at testing hypotheses of feedforward versus
feedback deficits (Iuzzini-Seigel et al., 2015; Maas et al., 2015;
Parrell et al., 2017). A recent review of behavioral, compu-
tational, and imaging studies of AOS concluded that the
integration of evidence across these different levels of anal-
ysis is critical for understanding underlying neural mecha-
nisms and how they manifest as clinical symptoms (Ballard,
Tourville, & Robin, 2014).

Isolating an impairment in motor planning/programming
is even more challenging in children with a congenital speech
disorder, as the presence of the motor speech disorder in-
fluences children’s development of phonological represen-
tations (Stackhouse & Wells, 1997). Thus, linguistic models
of apraxia of speech are further underspecified for chil-
dren (Maassen, 2002). The DIVA model was developed in a
way that accounts for development, and it has been used
to model the symptoms of CAS (Terband et al., 2009). Simi-
lar to AOS, results of this model suggest that CAS symp-
toms can result from weak feedforward commands during
development, which authors hypothesize could be due to
reduced somatosensory information or increased neural noise
(Terband et al., 2009, 2014). In practice, however, these hy-
pothesized breakdowns in processing require careful experi-
mental design to test and the clinical implications of this
work will need to be explored in future translational work
that focuses on assessment and intervention.

Overlap in Speech Disorder Phenotypes
Another primary challenge to generating clear diag-

nostic criteria is that many speech characteristics associated
with apraxia also occur in other speech disorders. Although
core diagnostic features of both CAS and AOS involve dis-
ruptions in prosody, speaking rate, and segmental accuracy,
many of these features are not unique to apraxia and can
also occur in dysarthria and/or phonological disorders. Slow
rate, atypical prosody, and sound distortions, including
vowel errors, are common characteristics of apraxia and
dysarthria in both child and adult populations (American
Speech-Language-Hearing Association [ASHA], 2007; Duffy,
2013; Haley et al., 2017; McNeil et al., 2009; Strand et al.,
2014; Wambaugh et al., 2006; Wertz et al., 1984). Segmen-
tal errors, including substitutions and omissions, are also
considered core features of AOS and CAS (ASHA, 2007;
McNeil et al., 2009; Strand et al., 2014; Wambaugh et al.,
2006; Wertz et al., 1984) but can present very similarly to
phonemic paraphasias associated with aphasia in adults or
phonological speech sound errors in children. Determining
whether segmental errors are phonological versus apraxic
in origin has been considered more clinically challenging
than distinguishing between apraxia of speech and dysarthria.
Dysarthria often involves impairments in respiration, phona-
tion, and/or resonance in addition to articulation, which re-
sult in global distortions of the acoustic signal that are not
typically present in apraxia or phonological disorders. Over-
all, the overlap in speech disorder phenotypes suggests that
diagnostic features are likely to be sensitive but not specific.

Furthermore, differential diagnosis relies on the
assumption that AOS/CAS is either present or absent; how-
ever, the specific speech characteristics exhibited by individ-
uals are widely variable. Current clinical diagnosis is based
on a speaker presenting with some but not necessarily all
possible symptoms of AOS/CAS. This variability in individ-
ual speech presentations also adds to the challenges with
relying on specific symptoms or speech features for reliable
diagnosis.

Comorbidity
Another significant challenge to developing objective

diagnostic criteria for AOS and CAS has been the high fre-
quency of comorbidities associated with both disorders.
Aside from neurodegenerative cases of pure progressive
Allison et al.: Differential Diagnosis of Apraxia of Speech 2953



AOS, AOS most commonly occurs alongside concomitant
aphasic deficits following a left hemisphere stroke (Duffy,
2013; Graff-Radford et al., 2014). Likewise, CAS frequently
occurs in conjunction with language impairment (Murray
et al., 2019; Shriberg et al., 1999) and fine/gross motor def-
icits (Iuzzini-Seigel, 2019; Knežević, 2019; Teverovsky et al.,
2009; Tükel et al., 2015). Therefore, finding individuals with
AOS or CAS who do not have concomitant impairments is
challenging and further contributes to difficulties isolating
diagnostic features specific to apraxia. Given the difficulties
with relying on behavioral phenotypes to diagnose apraxia
of speech, there is a need for identifying diagnostic markers
that can be used to increase accuracy and reliability of diag-
nosis. The purpose of this review was to explore and describe
the evidence related to diagnostic markers of AOS and CAS.
What Makes a Good Diagnostic Marker? Look
to New Standards for Diagnostic Test Accuracy

The accuracy of a differential diagnostic marker is
the degree to which the measure accurately discriminates
between individuals with the target disorder (AOS or CAS)
and either normal controls or another disorder that is often
confused with the target disorder (e.g., dysarthria for AOS
or speech sound disorder [SSD] for CAS). Although guide-
lines for evaluating and reporting diagnostic accuracy are
now well established, few research studies on speech apraxia
have adhered to these standards (e.g., Bossuyt et al., 2003;
Moher et al., 2015; Whiting et al., 2003). These standards
have been advanced to accelerate the pathway for estab-
lishing the levels of evidence needed to validate a candidate
diagnostic marker.

The successful clinical integration of a speech apraxia
marker will require evidence of its “analytical” validity (in-
cluding tests of its discriminative accuracy, reproducibility,
and reliability) and its “clinical” validity and utility (i.e.,
practical, reduces costs, and provides better analytic valid-
ity than current best practices for speech diagnostics). Ana-
lytical validity is established by testing the discriminative
accuracy of a candidate marker, also called the index test,
relative to that of a reference standard. The reference stan-
dard is the best available method for establishing the pres-
ence or absence of the target condition, which, for speech
apraxia, is clinician-based expert diagnosis. Discriminative
accuracy of a marker can be assessed using a variety of
metrics, including sensitivity and specificity, likelihood ra-
tios, positive and negative predictive values, diagnostic odds
ratio, area under the receiver operating characteristic curve,
and Youden’s index (Šimundić, 2009). These metrics are
commonly evaluated by comparing the sensitivity and speci-
ficity of a diagnostic index test to that of an established clin-
ical reference standard in the same patient cohorts. Within
a single study, confidence intervals around estimates of accu-
racy can be calculated to quantify the statistical precision
of the measurements. Rigorous evaluation needs to include
detailed information about the clinical context and the co-
hort because the accuracy of an index test is not constant
2954 Journal of Speech, Language, and Hearing Research • Vol. 63 •
but varies across different clinical contexts, disease spec-
trums, and even patient subgroups (Bossuyt et al., 2015).

Objectives of the Current Study
The primary goal of this review was to evaluate the

state of the evidence on approaches that have been studied
to improve differential diagnosis of apraxia in both adults
with AOS and children with CAS. We chose to include
both AOS and CAS in the review because the central diag-
nostic challenge is the same for both populations (i.e., to
isolate markers specific to an impairment in speech motor
planning/programming), and we hoped that a direct com-
parison of these literatures would help identify gaps in each
and provide directions for future research. Our approach
to this review was guided by the following questions: (a) What
experimental approaches have been used in the literature to
improve differential diagnosis of AOS in children and adults,
and what is the state of the evidence for different approaches?
and (b) What are the similarities and differences between the
AOS and CAS literatures in terms of the state of the evidence
for approaches to differential diagnosis?

We chose to conduct a scoping review because its
format best matched our primary objectives, “to evaluate
the extent, range, and nature” of evidence and to “identify
research gaps in the existing literature” on the topic of dif-
ferential diagnosis of AOS (Arksey & O’Malley, 2005, p. 21).
Scoping reviews, first described by Arksey and O’Malley
(2005), differ from systematic reviews in that they are de-
signed to address a broadly focused research question, rather
than a specific research question as is typically the aim of
systematic reviews (Arksey & O’Malley, 2005; Levac et al.,
2010).
Method
For this review, we followed the Preferred Reporting

Items for Systematic Reviews and Meta-Analyses Exten-
sion for Scoping Reviews guidelines developed by the En-
hancing the Quality and Transparency of Health Research
Network (Tricco et al., 2018).

Eligibility Criteria
To be included in the review, articles had to focus on

diagnosis of CAS or AOS and specifically on isolating diag-
nostic characteristics of apraxia of speech in either of these
populations. Peer-reviewed articles were considered for inclu-
sion if they (a) were published in the past 22 years (between
1997 and 2019), (b) were written in English, and (c) used a
group design and included a group of participants with CAS
or AOS. We focused on studies in the past two decades be-
cause definitions of CAS and AOS have evolved considerably
over that time, and technology/quantitative methods to aid in
diagnosis have also changed considerably. To narrow down
the scope of our search, we focused specifically on group
studies that related to apraxia diagnosis; thus, we excluded
articles if they were (a) treatment studies; (b) case studies;
2952–2994 • September 2020



(c) qualitative studies; (d) commentaries, opinion, or review
articles; (e) animal studies; (f ) not focused on CAS/AOS
(e.g., nonverbal apraxia, syntax/semantics, cognitive-
communication); (g) focused on participation outcomes
or longitudinal outcomes; or (h) focused on CAS associated
with specific genetic, metabolic, or neurodevelopmental
conditions (e.g., galactosemia, autism, cri du chat). We
decided to exclude articles specifically focused on these com-
plex neurodevelopmental disorders in order to maximize
comparability between the child and adult literature.

Search and Selection of Sources of Evidence
To locate potential articles for inclusion, we searched

several major databases: Harvard University Library’s
HOLLIS+ database (includes PubMed, PsycINFO, ERIC,
Web of Science, Google Scholar, ScienceDirect), ASHA-
Wire, and PubMed Central. Per specified eligibility criteria,
we searched for peer-reviewed journal articles in English pub-
lished between January 1, 1997, and November 11, 2019,
using the search terms “diagnosis” AND (“apraxia of speech”
OR “childhood apraxia of speech” OR “developmental
apraxia of speech”). Besides database queries, additional
sources of evidence included reference lists of included arti-
cles (see Figure 1).

The screening process to determine eligibility of
returned articles was completed using a three-step sequential
approach. The first step was a “title screen” by the first and
second authors (K. A., C. C.), completed jointly and thus
yielding a nondiscrepant list of included/excluded titles. Ar-
ticles were excluded at this stage if the title indicated ful-
fillment of any exclusion criteria (e.g., treatment studies,
qualitative studies); articles were retained if the title did
not make it possible to evaluate whether inclusion/exclusion
criteria were met. All articles surviving the “title screen”
were subject to an “abstract screen,” which was conducted
independently by authors K. A. and C. C., with any dis-
crepancies resolved through consensus. At this stage, arti-
cles were excluded based on the above-described exclusion
criteria; in addition, articles were excluded if the abstract
indicated that the article was a nongroup design study and/
or did not include a control group, or did not pertain spe-
cifically to diagnosis or differential diagnosis of AOS/CAS
or experimentally valid distinctive features. Articles that
remained following the “abstract screen” underwent a “full-
text screen” to ensure that they did, in fact, satisfy all
inclusion/exclusion criteria. Articles surviving the “full-text
screen” constituted the included sources of evidence that
were subsequently charted and summarized.

Data Charting Process and Synthesis of Results
Data charting spreadsheets were jointly developed by

the first and second authors to determine which informa-
tion to extract from each included article. Charting was
completed by research assistants and revised by the first
and second authors for accuracy. Any points of confusion
were resolved through discussion and consensus. For each
included source of evidence, we extracted and charted the
following information: (a) methods used (independently
coded by authors K. A. and C. C., with discrepancies re-
solved through consensus), (b) participant groups included,
(c) primary dependent variables of interest, (d) main re-
sults, and (e) whether sensitivity/specificity was reported.

For a subset of included articles, we charted an addi-
tional item, inclusion criteria for CAS/AOS participant
group, which we operationally defined as the clinical fea-
tures or signs met by individual participants (and reported
by the authors) in order to be considered part of the study’s
CAS/AOS diagnostic cohort. We defined the subset of arti-
cles as those published since 2007, the year that ASHA
published its position statement on the diagnosis of CAS
(ASHA, 2007). In addition to the core CAS features listed
in the ASHA position statement, a more recent compre-
hensive list of diagnostic features proposed by Shriberg
et al. (2011) and a list of features proposed by Davis and
Velleman (2000) were cited in multiple studies and included
in charting of these studies. Although no comparable position
statement has been issued by ASHA for AOS, Wambaugh
et al. (2006) proposed a candidate list of AOS diagnostic
features. This effort was important for the ongoing efforts
to build consensus among researchers and clinicians on core
diagnostic AOS features. Since 2006, other feature lists have
been proposed by McNeil et al. (2009) and most recently
by Strand et al. (2014) as part of the Apraxia of Speech
Rating Scale (ASRS). Historically, inconsistency in inclu-
sion criteria has been a weakness of both the child and
adult apraxia literature; however, with increasing consen-
sus on diagnostic behavioral features in the past decade,
consistency of inclusion criteria has improved. The chart-
ing and analysis of this additional data item are meant to
provide a way of quantifying consistency in use of inclusion
criteria across multiple studies, as well as to provide addi-
tional context for comparing the literature on adult and
child populations.
Results
Selection and Characteristics of Sources of Evidence

Across all three databases, 1,254 nonduplicate cita-
tions met search criteria and were subsequently reviewed
(by authors K. A. and C. C.) based on title only. One thou-
sand seven articles were excluded based on the title-only
screen. Relevant review articles were separated out at this
stage and excluded for purposes of charting, although a
subset of these reviews were used for general background
information. A total of 247 nonreview articles passed the
title-only screening stage, and this list was used for the sub-
sequent abstract review stage. Following abstract review,
an additional 157 articles were excluded. Interrater agree-
ment on article inclusion/exclusion was 89% for the abstract
review stage, and all disagreements were resolved by con-
sensus. The remaining articles (n = 90) underwent full-text
review, and all were determined to satisfy inclusion/exclusion
criteria, meaning that a total of 90 articles were charted and
Allison et al.: Differential Diagnosis of Apraxia of Speech 2955



Figure 1. Summary of article search procedures. ALS = amyotrophic lateral sclerosis; AOS = acquired apraxia of speech; CAS = childhood
apraxia of speech.
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summarized. The full process of selecting sources of evi-
dence is detailed in Figure 1.

Articles were grouped into categories based on whether
they focused on CAS (n = 37) or AOS (n = 53). In addition,
we subcategorized articles into one of four main content
categories based on the methodological approach used for
diagnosis: (a) speech symptoms (n = 27), (b) quantitative
speech measures (n = 27), (c) impaired linguistic–motor pro-
cesses (n = 17), and (d) neuroimaging (n = 19), described in
detail in Table 1. Results are presented in accordance with
these content categories as a way to summarize the literature
associated with each methodological approach. If more than
one methodological approach was used in a single study, a
primary content category was nonetheless assigned by con-
sensus of the first and second authors, based on the stated
aims and goals of the study. Tables 2 through 9 present
data for each article according to these groups and are also
summarized in narrative form. For each article, we charted
the five primary data items, described above in the Method
section (i.e., methods used, participant groups included, pri-
mary dependent variables of interest; main results; sensitivity/
specificity). For CAS articles, we also charted the age ranges
studied. To compare the inclusion criteria used in AOS and
CAS studies since 2007, a comprehensive list of inclusion
criteria was generated, and the criteria used for each study
were charted (see Figure 2 and Appendixes A and B).

Differential Diagnosis Based on Speech Symptoms
A substantial number of articles (n = 27) focused on

using surface speech characteristics as a method for differ-
ential diagnosis of AOS and CAS. The focus of these arti-
cles was to better describe the phenotypical features of AOS
and CAS, using procedures relying on perceptual or clinical
judgment. Methods used in these studies included phonetic
transcription, perceptual judgment of speech characteris-
tics, and quantitative analysis of error patterns (e.g., place/
manner/voicing errors, token-to-token inconsistency). Stud-
ies largely focused on the identification of core surface fea-
tures that reliably differentiated individuals with AOS or
Table 1. Four main content categories for articles based on primary metho

Category

Speech symptoms Identification of CAS/AOS b
clinician judgment, phone
categorization of error typ

Quantitative speech measures Identification of CAS/AOS b
kinematic measurements
speech rate, pause durati

Impaired linguistic–motor processes Identification of CAS/AOS u
deficits from higher level
this approach will typica
speech production (e.g., m

Neuroimaging Identification of unique patte
AOS using imaging moda
resonance imaging, diffus

Note. CAS = childhood apraxia of speech; AOS = acquired apraxia of sp
CAS from individuals without apraxia and could be used
to improve differential diagnosis in clinical settings.

CAS
Fifteen of the included articles focused on use of sur-

face speech characteristics in diagnosis of CAS (see Table 2).
The majority of these 15 articles used phonetic transcription
and various analyses of segmental accuracy error patterns
to describe surface speech characteristics (n = 8). Coding of
prosody or lexical stress (n = 5) and clinical ratings of
speech features (n = 5) were also common. The majority
of CAS studies in the speech symptoms category included
a comparison group of children with SSDs (n = 12). Two
studies additionally included a comparison group of children
with language impairment. Two studies included only a
comparison group of typically developing (TD) children,
and none of the studies included a dysarthria comparison
group. Most of the studies focused on preschool or school-
age children (n = 11), but four studies focused on early speech
characteristics of children later diagnosed with CAS (Highman
et al., 2008; Overby, Belardi, & Schreiber, 2019; Overby &
Caspari, 2015; Overby, Caspari, & Schreiber, 2019).

Overall, most studies in this category reported re-
duced segmental accuracy and/or greater error inconsistency
in children with CAS compared to control groups (Aziz
et al., 2010; Iuzzini-Seigel et al., 2017; Keske-Soares et al.,
2018; Murray et al., 2015; Thoonen et al., 1997; Velleman
& Shriberg, 1999). Prosodic deficits or lexical stress errors
were also reported to differentiate children with CAS from
control groups in several studies (Aziz et al., 2010; Murray
et al., 2015; Shriberg et al., 1997a, 1997b); however, one
study reported that lexical stress errors were similar between
children with suspected CAS and children with other SSDs
(Velleman & Shriberg, 1999). Task complexity was found to
influence group differences on transcription-based measures
(Iuzzini-Seigel et al., 2017; Murray et al., 2015; Strand
et al., 2013; Thoonen et al., 1997). The four studies exam-
ining early speech features of children later diagnosed with
CAS showed that possible early signs of CAS include re-
duced babbling, smaller phonetic inventory, limited syllable
dological approach.

Methodological approach

y describing surface speech characteristics using perceptual or
tic transcription, or analysis of error patterns (e.g., error counts,
es).
y quantifying surface features using objective acoustic and/or
(e.g., formant measures, acoustic measures of lexical stress,
ons).
sing experimental paradigms to isolate planning/programming
linguistic or lower level motor execution deficits. Studies using
lly introduce interference at planning/programming stages of
asking noise/bite-block interfering with normal speech feedback).
rns of atrophy/hypometabolism that may be characteristic of CAS/
lities such as magnetic resonance imaging, functional magnetic
ion tensor imaging, and positron emission tomography imaging.

eech.

Allison et al.: Differential Diagnosis of Apraxia of Speech 2957



Table 2. Charting of CAS studies in speech symptoms category.

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Age range
(years;months)

Thoonen et al. (1997) CAS 11 6;2–7;9 Phonetic transcription; real-word
and nonword repetition

- Consonant accuracy and
error type

- Higher rate of errors in the
CAS group

N

TD 11 6;0–7;11 - Rate of substitution errors
correlated with severity

- The TD group showed
larger benefit of real words
vs. nonwords compared to
CAS group

Shriberg et al.
(1997a, 1997b)

sCAS 19 4;7–14;11 Phonetic transcription, prosodic
coding; conversational speech
samples

- Segmental accuracy,
intelligibility index, prosody-
voice profile

- Inappropriate stress may
be a diagnostic marker
for CAS

Y
SD 73 Age-matched

Velleman & Shriberg
(1999)

sCASa 15 4;9–14;11 Phonetic transcription, lexical stress
coding; conversational speech

- Lexical metrical patterns,
syllable omissions, vowel
augmentation

- Lexical stress errors were
similar between groups

N

SD 15 3;3–12;10 - Syllable omissions persisted
to later ages in the sCAS
group

Bahr (2005) CAS 5 4;0–7;0 Clinical rating, acoustic analysis;
CVC sequences from the Gesture
Articulation Test

- Accuracy of gesture use - The CAS and SD groups had
similar number and type of
speech gesture errors

N
TD 5 4;0–7;0 - F2 slope, word duration

SD 5 4;0–7;0 - The CAS group had longer
word durations than the
SD and TD groups

Highman et al. (2008) sCAS 20 M = 4;0 Parent report (retrospective) - Parent report on early
vocalizations, babbling,
and feeding behavior

- The sCAS and SLI groups
had fewer infant vocalizations
than the TD group

N
LI 20 M = 5;0

TD 20 M = 5;1 - The sCAS group had less
babbling than the LI/TD
groups

Aziz et al. (2010) sCAS 10 4;0–6;0 Parent report, clinical rating, phonetic
transcription; standardized testing,
oral motor exam, spontaneous
speech, nursery rhyme

- Segmental accuracy - The sCAS group had lower
segmental accuracy,
increased difficulty with
polysyllabic words and
consonant clusters, and
deficits in prosody compared
to SD and TD groups

N
SD 10 4;0–6;0 - Syllable shape accuracy
TD 10 4;0–6;0 - Maximum repetition rate

- Prosodic accuracy

Lewis et al. (2011) SD 74 4;0–7;0 Clinical rating; standardized testing
(phonological awareness,
vocabulary, speeded naming),
oral motor assessment

- DDK rate - All 3 groups had deficits in
phonological memory

N

SD + LI 94 4;0–7;0 - Standardized test scores - DDK rate did not differentiate
groups

CAS 41 4;0–7;0 - The SSD + LI and CAS groups
had lower vocabulary and
phonological awareness
scores than the SSD-only
group

(table continues)
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Table 2. (Continued).

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Age range
(years;months)

Strand et al. (2013) CAS 20 3;0–6;7 Clinical rating; standardized testing
(DEMSS)

- Clusters based on DEMSS
subscores

- DEMSS largely differentiated
children with CAS, mild CAS,
and other speech disorders
(compared to expert diagnosis)

Y
SD 61 3;0–6;3

Murray et al. (2015) CAS 28 4;0–12;0 Phonetic transcription, lexical stress
judgment; standardized testing,
spontaneous speech sample,
oral motor assessment

- 24 quantitative measures
of segmental accuracy,
rate, and presence of
clinical features

- Model containing syllable
segregation, lexical stress
matches, PPC of polysyllables,
and DDK accuracy had 91%
diagnostic accuracy against
expert diagnosis

Y
CAS+ 4
Non-

CASb
15

Overby & Caspari
(2015)

TD 2 4;5–6;4 Phonetic transcription; home videos
from birth to age of 2 years:
retrospective analysis

- Number of vocalizations - The CAS group had fewer
resonant and nonresonant
productions, reduced phonetic
inventories and limited syllable
shapes at young ages compared
to the TD group

N
CAS 4 3;0–4;5 - Syllable shapes

- Consonant inventories
- Volubility

Iuzzini-Seigel et al.
(2017)

CAS 10 4;7–17;8 Phonetic transcription; word and
sentence repetition

- Token-to-token inconsistency,
phonemic inconsistency

- Token-to-token inconsistency
was sensitive and specific in
differentiating between the CAS
group from the SD and LI
groups, especially in simpler
stimuli

Y
CAS + LI 10 4;7–17;8
SD 10 4;7–17;8
LI 9 4;7–17;8
TD 9 4;7–17;8

Keske-Soares et al.
(2018)

CAS 6 4;6–5;8 Standardized testing (DEMSS–Brazilian
Portuguese version)

- DEMSS–Brazilian Portuguese
subscores

- The CAS group had lower scores
in accuracy and consistency
than the SD and TD groups

N
SD 6 4;6–5;8
TD 6 4;6–5;8

Overby, Caspari, & Schreiber
(2019)

CAS 7 3;5–8;8 Phonetic transcription; home videos
from birth to age of 2 years:
retrospective analysis

- Volubility; age of resonant
consonant emergence,
consonant diversity and
frequency, syllable structure
diversity and frequency

- Children later diagnosed with CAS
were less voluble, used fewer
resonant consonants, and had
less diverse phonetic repertoires
at young ages, and acquired
resonant consonants later than
children with SD and TD

N
SD 5 3;5–8;8
TD 5 3;5–8;8

Overby, Belardi, & Schreiber
(2019)

CAS 10 3;0–8;11 Coding of home videos in three age
brackets (7–12, 13–18, and
19–24 months): retrospective
analysis

- Number of canonical babbles,
number of noncanonical
babbles, volubility, canonical
babbling ratio

- Children later diagnosed with
CAS used fewer canonical
babbles, had lower volubility,
and had later onset of canonical
babbling compared to the SD
and TD groups

N
SD 4 3;0–8;11
TD 6 3;0–8;11

Note. CAS = childhood apraxia of speech, developmental apraxia of speech, speech disorder–developmental apraxia of speech; Y/N = yes/no; TD = typically developing; sCAS =
suspected childhood apraxia of speech; SD = speech sound disorder, phonological disorder, articulation disorder, multiple phonological disorder; CVC = consonant–vowel–consonant;
F2 = second formant; SLI = specific language impairment; LI = language impairment; DDK = diadochokinetic; DEMSS = Dynamic Evaluation of Motor Speech Skill; PPC = percentage
phonemes correct.
asCAS for this study was called SD-DAS and split into two groups: SD-DASi (with inappropriate prosody) and SD-DASa (with appropriate prosody). bNon-CAS included dysarthria,
phonological disorder, and submucosal cleft.
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Table 3. Charting of acquired apraxia of speech (AOS) studies in speech symptoms category.

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Ziegler (2002) strAOS 15. Clinician rating, acoustic measures;
real-word/nonword repetition
(sentence)

Speech rate measures for sentence
production and DDK, perceptual
severity, and rate measures

- Rate was slowed in both AOS and
dysarthria (except PD) groups for
sentence repetition task

- AOS groups showed more syllable
isochrony and disfluency compared
to the dysarthria group

- DDK was slowed for dysarthria group
(except PD), but not AOS group

N
strDYS 125.
HC 32.

Mumby et al.
(2007)

strAOS + APH 23. Clinician rating; standardized testing,
oral motor exam

Presence and severity of AOS - Inter- and intrarater reliability was
high for diagnosing both presence
and severity of AOS

N
strAPH 19.

Ash et al.
(2010)

prAOS + APH 16. Phonetic transcription; spontaneous
speech; MRI

Error count + type, cortical atrophy - PNFA had significantly greater number
of total errors compared to HC

- 82% of errors produced by PNFA
were phonemic (cf. phonetic)

- Cortical atrophy in prefrontal regions
bilaterally and LH perisylvian regions

N
HC 10.

Croot et al.
(2012)

prAOS + APH 9 Phonetic transcription; spontaneous
speech + real-word/nonword
repetition; PiB-PET

Error type (apraxic vs. phonological),
PiB-PET status

- Apraxic errors had high sensitivity for
nfvPPA while phonological errors
had high specificity for lvPPA

- PiB negativity was associated with
nfvPPA

Y
prAPH 14.

Haley et al.
(2012)

strAOS + APH*
*includes
probable AOS

31. Phonetic transcription, clinician rating,
acoustic measures; real-word/
nonword repetition

Error counts (segment substitution/
error/distortion, revision, prolongation),
word/segment duration, scanning
index, DDK rate

- strAOS + APH group was differentiable
from HC and strAPH group on most
operationalized and acoustic measures
evaluated, with the exception of the
sentence scanning index

- Operationalized metrics showed good
interrater reliability

N

strAPH 8.
aHC 20.

Haley et al.
(2013)

strAOS + APH 15. Phonetic transcription; real-word/
nonword repetition

Error consistency (consistency of error
location, variability of error type,
error token variability, total token
variability)

- No between-groups differences in error
consistency metrics for strAOS + APH
compared to strAPH

N
strAPH 11.

Strand et al.
(2014)

prAOS 23. Clinician rating; standardized testing;
real-word/nonword repetition

Inter- and intrajudge ICC for ASRS - Inter- and intrajudge ICC measures were
high (> .9) for AOS characteristics
identified as present

N
prAOS + APH 33.
prAPH 78.

Cunningham
et al. (2016)

strAOS + APH 7 Phonetic transcription; real-word/
nonword repetition

Error count (distortion errors) - strAOS + APH group made a greater
number of distortion errors compared
to strAPH group

N
strAPH 7.

(table continues)
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Table 3. (Continued).

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Bislick et al.
(2017)

strAOS + APH 10. Phonetic transcription; real-word/
nonword repetition

Error consistency (location + type) - No between-groups differences in
consistency of error location

- strAOS + APH group showed greater
variability of error type, but only in
blocked condition

- strAOS + APH group produced more
phonetic errors than strAPH group

N
strAPH 10.

Haley et al.
(2017)

strAOS + APH 33. Phonetic transcription; real-word/
nonword repetition

Error count (distortion and distorted-
substitution errors)

- strAOS + APH group produced
significantly more distortion and
distorted-substitution errors compared
to strAPH group

N
strAPH 33.

Jonkers et al.
(2017)

strAOS + APH 30. Clinician rating; standardized testing;
real-word/nonword repetition

Inter- and intrarater reliability for eight
speech features; feature count

- Presence of at least 3/8 candidate
diagnostic speech features was
predictive of AOS (cf. aphasia only,
dysarthria) in 88% of cases

- Within AOS group, marked variability in
which signs were present/diagnostic of
AOS

N
strAPH 10.
strDYS 10.
HC 35.

Duncan et al.
(2019)

prAOS + APH 18. Clinician rating; standardized testing;
oral motor exam

Presence and severity of AOS; interrater
reliability for 14 ASRS features

- Interrater agreement was high for
diagnosing presence and severity
of AOS, but lower for specific speech
features

- Articulatory groping and increased errors
with increased length/complexity were
the speech features most predictive of
AOS severity

N
prAPH 33.

Note. Most progressive aphasia studies reported results using consensus criteria groupings (nonfluent variant primary progressive aphasia [nfvPPA], logopenic variant primary
progressive aphasia [lvPPA], semantic variant primary progressive aphasia [svPPA]) or Mayo criteria (primary progressive apraxia of speech [PPAOS]). We have relabeled those
as follows: PPAOS is considered an AOS group; lvPPA and svPPA are considered APH groups. nfvPPA is considered an AOS + APH group, unless authors specified which of
two consensus criteria were met; in these cases, nfvPPA with agrammatism only was considered an APH group, whereas nfvPPA with motor speech impairment only was considered
an AOS-only group. str = poststroke or other acute acquired etiology; AOS = AOS without comorbid language deficits; DDK = diadochokinetic/diadochokinetic rate; PD = Parkinson's
disease; Y/N = yes/no; DYS = dysarthria-only group (no AOS, no aphasia); HC = healthy control; AOS + APH = AOS with comorbid language impairment; APH = aphasia-only
deficits (no AOS); pr = progressive etiology; MRI = magnetic resonance imaging; PNFA = progressive nonfluent aphasia; LH = left hemisphere; PiB = Pittsburgh compound B; PET =
positron emission tomography; ICC = intraclass correlation coefficient; ASRS = Apraxia of Speech Rating Scale.
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Table 4. Charting of CAS studies in quantitative speech measures category.

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Age range
years/years;months

Thoonen et al.
(1999)

TD 11. 6–8 Acoustic measures; maximum
performance tasks

- Maximum phonation duration,
maximum fricative duration,
rate and accuracy of DDK

- Assessment protocol of maximum
performance tasks had 89%–
100% sensitivity and 97% specificity
for differential diagnosis of CAS
and dysarthria

Y
Dys 9. 6–10
CAS 11. 6–8
SD 11. 4–10

Maasen et al.
(2001)

CAS 6. 5;0–5;11 Acoustic measures; structured
phrases

- F2 trajectories - CAS group had greater anticipatory
coarticulation and more variable
formant trajectories than TD group

N
TD 6 5;0–5;11

Nijland et al.
(2002)

CAS 9 5;0–6;10 Acoustic measures; nonword
repetition

- F2 trajectories - CAS group had more variable
coarticulation, less distinction
between vowels than control
groups

N
TD 6 4;9–5;11
HC 6 20–30

Munson et al.
(2003)

sCAS 5 3;09–8;10 Acoustic measures, perceptual
rating; troachic and iambic
nonword repetition

- Vowel duration, F0, timing
of F0 peak, intensity

- sCAS and SD groups both produced
acoustic differences between stressed
and unstressed syllables, but listeners
judged the sCAS group to have fewer
correct lexical stress productions

N

SD 5 - Perceptual judgments of
lexical stress

Nijland, Maassen,
Van der Meulen,
Gabreëls, et al.,
(2003)

CAS 6 5;0–5;11 Acoustic measures; phrase
repetition

- F2 trajectories; segmental
durations

- Children with CAS had stronger
anticipatory coarticulation and reduced
prosodic contrasts compared to the
TD group

N
TD 6 4;9–5;11

Shriberg et al.
(2003)

sCAS 11. 3;3–10;10 Acoustic measures; real-word
repetition

- Lexical stress ratio (LSR) - Children with sCAS had more extreme
LSR values than children with SD

N
SD 24 3;4–12;0

Moss & Grigos
(2012)

CAS 6 3;0–7;0 Kinematic measures; real-word
repetition (1–3 syllables)

- Lip and jaw spatial coupling,
temporal coupling, and
spatiotemporal index (STI)

- No group differences in spatiotemporal
coupling, but CAS group had more
variable movements

N
TD 6.
SD 6.

Grigos et al.
(2015)

CAS 11. 3;1–7;2 Kinematic measures; real-word
repetition (increasing word
length)

- Jaw and lip movement
duration, velocity,
displacement, and STI

- The CAS group had significantly higher
variability in movement; movement
duration and variability differences
between the CAS group and the
SD group increased as word length
increased

N
SD 11. 3;2–7;8
TD 11. 3;1–7;0

Case & Grigos
(2016)

CAS 8. 5;4–5;7 Kinematic measures, phonetic
transcription; novel-word
learning

- Segmental accuracy, token-
to-token consistency

- CAS group improved consonant accuracy
and consistency with practice

N

TD 8. 5;0–5;7 - Lip and jaw movement
duration and STI

- Increased variability in lip and jaw
movements in CAS group that did
not change with practice

(table continues)
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Table 4. (Continued).

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Age range
years/years;months

Shriberg et al.
(2017b)

CAS 60 4;0–23;0 Acoustic-aided scoring of
pauses; 17 speech tasks
from Madison Speech
Assessment Protocol

- Pause Marker (PM) scores
from continuous speech
sample

- PM scores had high sensitivity and
specificity for identifying speakers
with CAS vs. other SDs

Y
AOS 31 50;0–78;0
SD 205 3;0–9;0

Shriberg et al.
(2017d)

CAS 37 4;0–23;0 Acoustic-aided scoring of
pauses; acoustic and
perceptual measures
of speech, prosody, and
voice precision stability

- Pause Marker index (i.e.,
severity metric based on
PM scores)

- The Pause Marker index ratings
significantly correlated with other
measures of CAS precision and
stability, suggesting this measure
can be used to index severity of CAS

N
CND 46 3;0–10;0
AOS 22 53;0–84;0
SD 202 3;0–9;0

Kopera & Grigos
(2019)

CAS 7 3;9–7;2 Acoustic measures, kinematic
measures; production of
multisyllable word in
connected speech

For stressed and unstressed
syllables:

- Vowel duration, F0
- Jaw movement duration,

displacement
- Pairwise variability index

(PVI): kinematic and
acoustic

- CAS group showed reduced jaw
movement duration contrast
between stressed and unstressed
syllables compared to TD group;
no other acoustic or kinematic PVI
measurements differed between
groups

N
SD 8 4;1–6;7
TD 9 4;1–7;0

Note. TD = typically developing; Y/N = yes/no; Dys = dysarthria; CAS = childhood apraxia of speech, developmental apraxia of speech, speech disorder–developmental apraxia of
speech (sCAS = suspected childhood apraxia of speech); DDK = diadochokinetic rate; SD = speech sound disorder, phonological disorder, articulation disorder, multiple phonological
disorder; F2 = second formant; HC = healthy adult control; F0 = fundamental frequency; AOS = adult apraxia of speech; CND = complex neurodevelopmental disorder.
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Table 5. Charting of acquired apraxia of speech (AOS) studies in quantitative speech measures category.

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Haley & Overton
(2001)

strAOS + APH 10. Acoustic measures; real-
word/nonword repetition
(multisyllabic words)

Vowel duration of mono- vs.
polysyllabic words

- Vowel duration is longer in di- and
trisyllabic words (cf. monosyllabic
words)

N
strAPH 10.
HC 10.

Haley (2002) strAOS + APH 10. Acoustic measures; real-
word/nonword repetition

Fricative (/s/, /ʃ/) segment
duration, first spectral
moment

- Fricative segment duration was
longer for strAOS + APH group
compared to healthy controls only

- Aberrant phonetic productions of
fricatives were observed in both
the strAOS + APH and strAPH
groups, indicating that this type of
phonetic error was not unique to
individuals with a diagnosis of AOS

N
strAPH 10.
HC 10.

Bartle-Meyer
et al. (2009)

strAOS + APH 5 Kinematic measures; DDK Covariance values between
articulators of interest
(tongue x jaw, tongue tip
x tongue back)

- Articulatory coupling was greater
for the majority (4/5) of strAOS +
APH patients as compared healthy
controls

N
HC 12.

Jacks et al. (2010) strAOS + APH 7 Acoustic measures; real-word/
nonword repetition

Vowel acoustic measures
(absolute Bark formant
values, vowel space area,
intervowel distance,
individual trial-to-trial
formant variability)

- No significant between-groups
differences (strAOS + APH vs. HC)
on any acoustic vowel measures

N
HC (database) –

Wilson et al. (2010) prAOS + APH 14 Acoustic measures, phonetic
transcription; MRI-structural;
spontaneous speech

(maximum) speech rate, #
distortions, # phonological
paraphasias

- Speech rate, particularly maximum
speech rate, was reduced for the
nfvPPA group compared to other
subtypes and HCs

- nfvPPA patients had a greater number
of sound distortions compared to
other subtypes and HCs

N
prAPH 36.
NOS 10.
HC 10.

Courson et al.
(2012)

strAOS (French) 4 Acoustic measures; real-
word/nonword repetition
(multisyllabic words)

PVI for vowel duration - Both strAOS groups (English and
French) had lower PVI for vowel
duration values compared to HC

N
strAOS (English) 9.
HC (French) 4.
HC (English) 9.

Melle & Gallego
(2012)

strAOS + APH 4 Acoustic measures; DDK
(+ vowel alteration)

Magnitude/rate/regularity F2
variation, average AMR
duration/rate, average
SMR duration/rate

- AMR-based measures distinguished
between strAOS + APH and HC
groups

- SMR-based measures distinguished
between strAOS + APH and dysarthria
groups

N
strDYS 4.
HC 15.

(table continues)
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Table 5. (Continued).

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Patel et al. (2013) strAOS + APH 4. Acoustic measures; passage
reading

Passage reading rate, pause
frequency, variation in F0
and intensity, error counts

- Both AOS and dysarthria groups
produced a greater number of errors
on complex words

- Errors of inconsistency were more
common among AOS compared to
dysarthria participants

N
strDYS 10.
HC 7.

Ballard, Savage,
et al. (2014)

prAOS + APH 20. Acoustic measures, MRI-
structural, PET (PiB);
spontaneous speech, real-
word/nonword repetition
(multisyllabic words)

PVI for vowel duration, peak
intensity, syllable segregation
(proportion silence time,
duration of silences), VBM

- PVI for vowel duration differentiated
the nfvPPA group from lvPPA and
HC groups and was also highly
consistent with expert judgment
of AOS presence

- VBM analysis showed the PVI for
vowel duration was related to gray
matter intensity in the precentral gyrus,
SMA, and IFG regions bilaterally (for
nfvPPA only)

Y
prAPH 21.
HC 17.

Vergis et al. (2014) strAOS + APH 9 Acoustic measures; real-
word/nonword repetition
(multisyllabic words)

Pairwise variability index (PVI)
for vowel duration and peak
intensity

- strAOS + APH group demonstrated
significantly lower PVI for vowel
duration for words with weak–
strong stress compared to strAPH
and HC groups

- No group differences in PVI for intensity

N
strAPH 8.
HC 8.

Ballard et al. (2016) strAOS + APH 35 Acoustic measures, clinician
rating; spontaneous speech,
real-word/nonword repetition
(multisyllabic words), words
of inc. length

15 model predictor variables
including acoustics and
clinician-rated measures

- 2 measures distinguished between
strAOS + APH and strAPH groups:
(1) speech errors with words of
increasing length and (2) relative
vowel duration in 3-syllable words
with weak–strong stress pattern

Y
strAPH 37.

Basilakos et al.
(2017)

strAOS + APH 20 Acoustic measures; spontaneous
speech

PVI for vowel duration, proportion
of distortion errors, VOT
variability, amplitude envelope
modulation spectrum

- Classification accuracy for AOS was
over 90% for all variables together

- Envelope modulation spectrum
variables had the greatest effect on
classification

Y
strAPH 24.
DC 13.

Duffy et al. (2017) prAOS 21 Acoustic measures; real-
word/nonword repetition
(multisyllabic words),
sentence repetition

Repetition rate for 1- to 4-syllable
words + sentences, duration
of word, sentence production,
PVI for vowel duration

- PPAOS group had longer durations and
a reduced rate for both single words
and sentences compared to
all other groups

- PPAOS group had a reduced PVI
compared to all other groups

- Diagnostic accuracy was highest for
identifying PPAOS based on acoustic
metrics for longer multisyllabic words
and sentences

Y
prAPH 26.
HC 11.

(table continues)

A
lliso

n
et

al.:D
ifferentialD

iagnosis
of

A
p
raxia

of
S
p
eech

2965



Table 5. (Continued).

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Scholl et al. (2018) strAOS + APH 20. Acoustic measures, phonetic
transcription; real-word/
nonword repetition
(multisyllabic words)

PVI for vowel duration, error
variability, no. of errors, no.
of errors over consecutive
repetitions

- strAOS + APH group had a greater
number of errors overall, greater error
variability, reduced improvement
across consecutive repetitions, and
reduced PVI compared to strAPH
group

- PVI measure was a stronger predictor
of AOS presence than error variability
measures

Y
strAPH 21.

Haley & Jacks
(2019)

strAOS + APH 7 Acoustic measures; real-
word/nonword repetition
(multisyllabic words)

PVI for vowel duration, F0, and
intensity, lexical stress ratio,
word syllable duration

- 3 duration-based acoustic measures
differentiated strAOS + APH from
both strAPH and HC groups: PVI for
vowel duration, lexical stress ratio
and word syllable duration

- Diagnostic overlap was smallest for
word syllable duration measure,
which also had the highest interrater
reliability

N
strAPH 9.
HC 19.

Note. str = poststroke or other acute acquired etiology; AOS + APH = AOS with comorbid language impairment; Y/N = yes/no; APH = aphasia-only deficits (no AOS); HC = healthy
control; AOS = AOS without comorbid language deficits; DDK = diadochokinetic rate; pr = progressive etiology; MRI-structural = structural magnetic resonance imaging; NOS = diagnosis
not otherwise specified, e.g., semantic dementia, behavioral variant frontotemporal dementia; nfvPPA = nonfluent variant primary progressive aphasia; F2 = second formant; AMR =
alternating motion rate; DYS = dysarthria-only group (no AOS, no aphasia); SMR = sequential motion rate; F0 = fundamental frequency; PET = positron emission tomography; PiB =
Pittsburgh compound B; lvPPA = logopenic variant primary progressive aphasia; VBM = voxel-based morphometry; SMA = supplementary motor area; IFG = inferior frontal gyrus; VOT
= voice onset time; DC = other disease control; PPAOS = primary progressive apraxia of speech.
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Table 6. Charting of CAS studies in impaired linguistic–motor processes category.

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Age range (years/
years;months)

Nijland, Maassen, &
van der Meulen,
(2003)

CAS 5 5;0–6;10 Acoustic measures; phrase
repetition under normal
speaking and bite block
conditions

- F2 trajectory - Bite block did not affect anticipatory
coarticulation for TD and healthy
adult speakers, but had large
effect on coarticulation for children
with CAS, suggesting motor planning
difficulty

N
TD 5 5;0–6;10
HC 6 20–30

Peter & Stoel-Gammon
(2008)

sCASa 11 4;7–6;6 Acoustic measures, behavioral
rating; nonword imitation,
rhythm imitation

- % accuracy in imitation, vowel
duration, rate

- Low timing accuracy was associated
with a high number of CAS
characteristics

N
TD 11 4;10–6;9

Froud & Khamis-Dakwar
(2012)

CAS 5 5;1–8;3 EEG; oddball paradigm with
syllables

- Mismatch negativity (MMN)
responses

- CAS group showed different MMN
responses to allophonic and
phonemic contrasts than the TD
group, suggesting phonological
involvement in CAS

N
TD 5 5;3–8;9

Shriberg et al. (2012) CAS 40 5;0–50;0 Nonword repetition (syllable
repetition task [SRT])

- SRT scores: encoding (% substitution
errors within manner class),
transcoding (additions), memory
(greater difficulty with increasing
length)

- CAS group had lower SRT scores
in multiple domains (encoding,
transcoding, and memory) compared
to controls

N
TD 119 3;0–7;0+
SD 140 3;0–7;0+
SD + LI 70 3;0–7;0+

Preston et al. (2014) CAS 8 9;0–15;0 EEG; monosyllabic and
multisyllabic word
production

- Event-related potentials (ERPs) - CAS group had reduced ERP
amplitude of signal reflecting
phonological encoding while
saying multisyllabic words
relative to monosyllabic words

N
TD 13 9;0–15;0

Iuzzini-Seigel et al.
(2015)

CAS 9 6;1–17;6 Acoustic measures; nonword
repetition with and
without auditory masking

- Voice onset time and vowel space
area

- Auditory masking only affected
speech of children with CAS,
suggesting overreliance on
auditory feedback in CAS

N
SD 10
TD 11

Shriberg et al. (2017c) CAS 37 4;0–23;0 Acoustic measures, phonetic
transcription, prosody-
voice coding; syllable
repetition, conversational
speech

- PM scores, SRT scores, and
percentage consonants correct

- Findings support the presence
of deficits in both encoding
and transcoding of phonemic
representations in CAS

N
AOS 22 45;0–84;0
SD 205 3;0–9;0

Zuk et al. (2018) CAS 7 4;7–17;3 Behavioral response: same–
different judgments of
/da/–/ga/ stimuli

- Discrimination threshold, /da/–
/ga/ F3 onset frequency

- CAS-only group showed no speech
perception differences from TD
group; all LI groups showed poorer
syllable discrimination than non-LI
groups

N
CAS + LI 6 5;4–12;4
LI 7 7;8–12;0
SD 12 6;4–9;11
TD 15 7;10–16;9

Ingram et al. (2019) CAS 9 5;0–6;11 Behavioral response: detection
of vowel duration differences

- % accuracy in making same–
different judgments regarding
vowel length

- Children with CAS exhibited
deficits in detecting vowel
duration differences compared
to TD group, suggesting
possible perceptual component

N
TD 14 5;0–6;11

Note. CAS = childhood apraxia of speech, developmental apraxia of speech, speech disorder–developmental apraxia of speech (sCAS = suspected childhood apraxia of speech);
F2 = second formant; N = no; TD = typically developing; HC = healthy control; EEG = electroencephalography; SD = speech sound disorder, phonological disorder, articulation disorder,
multiple phonological disorder; LI = language impairment; PM = Pause Marker; AOS = acquired apraxia of speech; F3 = third formant.
asCAS in this study was children with severe speech sound disorders who exhibited between 4 and 9 speech characteristics of CAS.

A
lliso

n
et

al.:D
ifferentialD

iagnosis
of

A
p
raxia

of
S
p
eech

2967



Table 7. Charting of acquired apraxia of speech (AOS) studies in impaired linguistic–motor processes category.

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Schmid & Ziegler
(2006)

strAOS + APH 7. Error rates (correct/incorrect);
discrimination task

Error rate across 4 presentation
modes: auditory, visual,
bimodal, cross-modal

- Error rates were greater for
the AOS = APH and AOS
groups across all presentation
modes, compared to HCs

N
strAPH 7.
HC 14.

Ballard & Robin
(2007)

strAOS + APH 8 Kinematic measures; visuomotor
tracking

Jaw-target accuracy and
variability measures

- HCs’ jaw-target responses
were more accurate and less
variable compared
to the strAOS + APH group

N
HC 15.

Jacks (2008) strAOS + APH 5 Acoustic measures; bite block Vowel formant frequencies (F1,
F2), Euclidean distance,
acoustic distance ratio,
perceptual vowel quality
rating

- At baseline (no bite block),
production of vowels was
less accurate for strAOS +
APH group compared to HCs;
however, after introduction
of the bite block, accuracy
decreased similarly across
both groups

N
HC 5.

Robin et al. (2008) strAOS 5 Kinematic measures; visuomotor
tracking

Jaw-target accuracy measures
in response to predictable
vs. unpredictable feedback

- Accuracy was poorest for
strAOS participants in
response to predicable
signal feedback, but similar
to other groups in response
to unpredictable signal
feedback

N
strAPH 4.
HC 8.

Mailend & Maas
(2013)

strAOS + APH 5 Reaction time; altered auditory
feedback (interference paradigm)

Reaction times (RTs) across
2 conditions (no interference
vs. interference) and between
interference conditions (shared
sounds vs. no shared sounds)

- Patients in strAOS + APH
group had longer RTs in
distractor vs. no distractor
condition; no effect of
condition was observed
for HCs

N
strAPH 2.
HC 9.

Jacks & Haley
(2015)

strAOS + APH 10 Acoustic measures; masked +
altered auditory feedback

Syllable rate, disfluency duration,
vocal intensity

- Introduction of masked
auditory feedback improved
fluency (increased rate,
decreased fluency duration,
or both) for strAOS + APH
group only

- There was no positive effect
on fluency in either group
in the altered auditory
feedback condition

N
HC 10.

(table continues)
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Table 7. (Continued).

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Maas et al. (2015) strAOS + APH 6. Acoustic measures; masked
auditory feedback (noise
masking)

Vowel contrast, variability, duration - Vowel duration was longer
and contrast was reduced
under masking conditions
for the strAOS + APH group
compared to HCs; the strAPH
group was not significantly
different compared to HCs

- There were no significant
differences in vowel variability
across groups

N
strAPH 4.
HC (younger) 11.
HC (older) 12.

Ballard et al.
(2018)a

strAOS + APH 8. Acoustic measures; masked +
altered auditory feedback
(F1 perturbation)

Vowel formant frequencies
(% F1 change relative
to baseline)

- strAOS + APH group showed
adaptation to sustained F1
perturbation (sig. change in
F1 to subsequent masked/
unperturbed trials), whereas
strAPH and HC groups
showed no adaptation pattern

N
strAPH 8.
HC 10.

Note. str = poststroke or other acute acquired etiology; AOS + APH = AOS with comorbid language impairment; N = no; APH = aphasia-only deficits (no AOS); AOS = AOS without
comorbid language deficits; HC = healthy control; F1 = first formant; F2 = second formant.
aOnly Experiment 2 of Ballard et al. (2018) is summarized, as Experiment 1 does not include a control group.
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Table 8. Charting of CAS studies in neuroimaging category.

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n Age range (years)

Fiori et al.
(2016)

CAS 17 5–17 MRI, standardized speech
and language testing,
oral motor and motor
speech testing

Fractional anisotropy (FA)
used to generate
connectome

Reduced structural connectivity
and FA of speech-language
networks in children with CAS
compared to TD children

N
TD 10 4–16

Note. CAS = childhood apraxia of speech; MRI = magnetic resonance imaging; TD = typically developing; N = no.
structure, and fewer resonant sounds (Highman et al., 2008;
Overby, Belardi, & Schreiber, 2019; Overby & Caspari,
2015; Overby, Caspari, & Schreiber, 2019). Four of the
included studies in the speech symptoms category reported
diagnostic accuracy statistics related to outcome measures
(Iuzzini-Seigel et al., 2017; Murray et al., 2015; Shriberg
et al., 1997a; Strand et al., 2013): Iuzzini-Seigel et al. (2017)
reported high sensitivity (70%) and specificity (80%) of
token-to-token inconsistency for differentiating children
with CAS from children with other SSDs and those with
language impairment, particularly in monosyllabic words or
at the phrase level (i.e., repeated production of “buy Bobby
a puppy”). Murray et al. (2015) reported that a statistical
model, including four perceptually derived speech measures
(i.e., syllable segregation, lexical stress matches, percentage
phonemes correct in polysyllabic words, and articulatory
accuracy during /pǝtǝkǝ/), had high diagnostic accuracy (91%)
for differentiating CAS from other SSDs. A validation study
of the Dynamic Evaluation of Motor Speech Skill (Strand
et al., 2013) demonstrated high specificity (97%) and moder-
ate sensitivity (65%) for diagnosis of CAS.

AOS
Twelve of the included articles focused on use of sur-

face speech characteristics in diagnosis of AOS, either in
poststroke (n = 8) or progressive aphasia (n = 4) populations
(see Table 3). The AOS group of interest had comorbid
aphasic deficits in all but one study (Strand et al., 2014).
Ten of the 12 articles in this category included an aphasia-
only disease control group. Four articles reported results
from neurologically healthy, age-matched controls. Only
two studies (Jonkers et al., 2017; Ziegler, 2002) included a
dysarthria comparison group; an additional five studies re-
ported on the incidence of comorbid dysarthria in the AOS
group of interest.

The majority of articles in this category relied on pho-
netic transcription to derive error counts and to characterize
types of errors (n = 7). Clinician rating of errors was also
common (n = 4), with errors characterized in terms of over-
all count, type (e.g., distortion vs. substitution), and consis-
tency. A limited number of studies included secondary
acoustic (n = 2) or imaging evidence (n = 2).

Overall, results from this category of studies indicate
that individuals with aphasia and AOS make a greater num-
ber of production errors compared to aphasia-only popula-
tions and healthy controls (Ash et al., 2010; Bislick et al.,
2970 Journal of Speech, Language, and Hearing Research • Vol. 63 •
2017; Croot et al., 2012; Cunningham et al., 2016; Haley
et al., 2012, 2017). The majority of articles characterized the
observed production errors as predominantly phonetic (cf.
phonemic); however, one article reported results contrary to
this trend, with phonemic errors being more common than
phonetic errors in the AOS group (Ash et al., 2010). Char-
acterization and/or description of suprasegmental speech
features (e.g., sentence scanning index) was less common,
and for articles reporting such measures, no significant dif-
ferences emerged between AOS and control groups (Haley
et al., 2012). When compared to a dysarthria control group,
however, individuals with AOS were reported to have
greater syllable isochrony (Ziegler, 2002). Likewise, articles
reporting on error consistency generally found no significant
between-groups differences on such measures (Bislick et al.,
2017; Haley et al., 2013, 2012).

A subgroup of articles (n = 8) in this category reported
on the reliability of either speech-language pathology percep-
tual ratings or speech-language pathology phonetic tran-
scriptions. Two primary types of speech-language pathology
perceptual ratings were reported: (a) gestalt clinician ratings
(i.e., no operationalized speech features to guide clinician
ratings) and (b) operationalized ratings, whereby clinicians
were asked to rate specific aspects of speech (e.g., sound
distortions, rate). Results were mixed in terms of whether
gestalt clinician ratings yielded reliable diagnoses of AOS,
with three studies indicating high reliability across raters
(Bislick et al., 2017; Duncan et al., 2019; Mumby et al., 2007)
and another indicating low overall reliability of gestalt
ratings (Haley et al., 2012). Studies reporting on operation-
alized metrics, as opposed to/in addition to gestalt impres-
sions, generally reported high levels of interrater agreement
on apraxic features (Haley et al., 2012; Jonkers et al., 2017;
Strand et al., 2014). Of particular note, Strand et al. (2014)
outlined 16 diagnostic features of AOS with good to excel-
lent interrater reliability that together comprise the ASRS, a
partially standardized assessment of AOS.

Only one study (Croot et al., 2012) reported on the
diagnostic accuracy of specific measures for identifying
AOS. In this study, Croot et al. (2012) demonstrated that
apraxic-type errors (i.e., phonetic distortions, syllable
segregation, equal/excess stress) observed during a poly-
syllable word repetition task had high sensitivity (89%)
for identifying individuals with progressive AOS and suc-
cessfully differentiated these individuals from an aphasia-
only group.
2952–2994 • September 2020



Table 9. Charting of acquired apraxia of speech (AOS) studies in neuroimaging category.

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Josephs et al. (2006) prAOS 7. MRI-structural, SPECT,
pathology, behavioral
assessment

GM, WM atrophy - AOS was primarily associated with
atrophy in the premotor
and supplementary motor cortices

- All AOS cases had a pathological
diagnosis characterized by
underlying tau biochemistry

N
prAPH + AOS 3.
prAPH 7.

Josephs et al. (2012) prAOS 12 MRI-structural, DTI, PiB-PET,
FDG-PET, behavioral
assessment

GM, WM atrophy; fractional
anisotropy; mean diffusivity;
voxel-wise metabolism

- For prAOS group compared to HC,
GM atrophy was focused in
superior lateral premotor cortex
and supplementary motor area;
WM loss was also focused in
these regions + inferior premotor
cortex and body of corpus callosum

- prAOS group showed reduced
fractional anisotropy and increased
mean diffusivity of the superior
longitudinal fasciculus

- prAOS groups showed hypometabolism
of superior lateral premotor cortex
and supplementary motor area

N
HC 24.

Josephs et al. (2013) prAOS 18 MRI-structural, DTI, PiB-PET,
FDG-PET, behavioral
assessment

GM, WM atrophy; fractional
anisotropy; mean diffusivity;
voxel-wise metabolism

- Both proAOS and prAOS + APH groups
showed atrophy and hypometabolism
in premotor cortex and midbrain,
whereas prAPH groups showed
imaging abnormalities in premotor,
prefrontal, temporal, parietal lobes +
caudate, insula

N
prAOS + APH 10.
prAPH 9.
HC 30.

Trupe et al. (2013) strAOS + APH 17 MRI-structural, behavioral
assessment

Voxel intensity vs. ABA-2 scores
(voxel-based lesion–symptom
mapping)

- AOS was associated with infarct in
Broca’s area, anterior temporal
cortex, and posterior insula; AOS
severity was positively correlated
with lesion volume

N
strAPH 17.

Whitwell, Duffy,
Strand, Machulda,
et al. (2013)

prAOS 16 MRI-structural, DTI, behavioral
assessment

GM, WM atrophy; fractional
anisotropy; mean diffusivity

- Both PPAOS and NOS (dx = PSP-S)
groups showed GM atrophy in
supplementary motor area and
WM atrophy in posterior frontal
lobes

- PPAOS group showed more focal GM
atrophy in superior premotor cortex
compared to more widespread
(extending into prefrontal cortex)
atrophy in PSP-S group

N
NOS 16.
HC 20.

(table continues)
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Table 9. (Continued).

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Whitwell, Duffy, Strand,
Xia, et al. (2013)

prAOS 17. MRI-structural, FDG-PET,
behavioral assessment

GM atrophy, hypometabolism - The left superior premotor volume
was the only region that correlated
with AOS severity (measured using
the ASRS)

- Neither inferior posterior frontal cortex
(i.e., Broca’s area) nor insula correlated
with AOS severity; Broca’s area instead
correlated with severity of agrammatism

N
prAOS + APH 18.
prAPH 1.

Caso et al. (2014) nfvPPA (FTLD-tau) 9. MRI-structural, pathology,
behavioral assessment

GM, WM atrophy; AOS severity
ratings

- AOS was the most common feature at
presentation regardless of FTLD subtype

- prAOS (FTLD-tau) characterized by
atrophy in GM of left posterior frontal
regions and left frontal WM

- prAOS (FTLD-TDP) characterized by
atrophy in left posterior frontal GM only

N
nfvPPA (FTLD-TDP) 2.

Josephs et al. (2014) prAOS 13 MRI-structural, DTI, FDG-PET,
behavioral assessment

Rates of whole-brain, ventricle,
and midbrain volume atrophy;
rates of regions GM atrophy,
WM tract degeneration

- prAOS group had elevated rates of
whole-brain atrophy, ventricular
expansion, and midbrain atrophy

- Increased rates of atrophy for prAOS
group in prefrontal cortex, motor
cortex, basal ganglia, and midbrain

N
HC 20.

Mandelli et al. (2014) prAOS + APH 9 MRI-structural, DTI, behavioral
assessment

Tract-specific DTI metrics - Significant WM changes in the left
intrafrontal and frontostriatal pathways
were found in nfvPPA, but not in lvPPA
or svPPA

- Correlations between tract-specific DTI
metrics suggested a preferential role
of a posterior premotor–SMA pathway
in motor speech/AOS

N
prAPH 16.
HC 21.

Basilakos et al. (2015) strAOS + APH 18. MRI-structural, behavioral
assessment

Voxel intensity vs. ASRS scores
(voxel-based lesion–symptom
mapping)

- Patterns of brain damage were at least
partially dissociable for strAOS +
APH vs. strAPH groups; AOS was
most strongly associated with damage
to cortical motor regions and
somatosensory areas

N
strAPH 16.

Botha et al. (2015) prAOS 40. MRI-structural, DTI GM atrophy, fractional anisotropy,
mean diffusivity

- Compared to controls, PPAOS group
shows GM atrophy in bilateral premotor
and SMA regions, middle cingulate gyri,
Broca’s area, insular gray matter. DTI
abnormalities were observed in same
regions and also implicated left
uncinate fasciculus and bilateral
superior longitudinal fasciculi

- Direct comparison of PPAOS and
nfvPPA groups revealed greater GM
atrophy for nfvPPA group in left
temporal, hippocampus and fusiform
gyrus

N
prAOS + APH 12.
prAPH 52.
NOS 26.

New et al. (2015) strAOS + APH 15. fMRI (resting state), behavioral
assessment

Mean gray, white matter signal
intensity

- strAOS + APH group showed reduced
connectivity between bilateral premotor
regions; reduction of connectivity
correlated with AOS severity

N
strAPH 17.
HC 18.

(table continues)

2972
Journalof

S
p
eech,Language,and

H
earing

R
esearch

•
V
ol.63

•
2952–2994

•
S
ep

tem
b
er

2020



Table 9. (Continued).

Study

Participants

Method/task Dependent measures Main results
Sensitivity/
specificity?Group n

Itabashi et al. (2016) strAOS 7 MRI-structural, behavioral
assessment

Voxel intensity vs. diagnosis
(voxel-based lesion–symptom
mapping)

- Brain regions associated with AOS were
centered on the left precentral gyrus

N
strAOS + APH 15.
DC 114.

Cerami et al. (2017) prAOS + APH 19 FDG-PET, behavioral assessment Voxel-wise metabolism - Hypometabolism patterns differed across
subtypes; among nfvPPA patients,
parietal, subcortical and brainstem
hypometabolism predict progression
to corticobasal syndrome or progressive
supranuclear palsy

N
prAPH 28.
prDYS 3.
NOS 5.

Botha et al. (2018) prAOS 22. fMRI (resting state), MRI-structural,
behavioral assessment

Gray, white matter signal intensity
in intrinsic connectivity networks
(ICNs); connectivity vs. apraxia
severity (ASRS scores)

- prAOS group showed reduced connectivity
in speech and language, face, salience,
and left working memory ICNs

- Reduced connectivity for prAOS group
between right SMA and rest of speech
and language ICN, which correlated with
AOS severity

N
HC 44.

Utianski, Whitwell,
Schwarz, Duffy,
et al. (2018)

prAOS + APH 5 MRI-structural, tau-PET Tau uptake, measured using
ratio of cortical to cerebellar
signal (SUVr) in ROIs

- Compared to HC group, prAPH groups
showed uptake of tau in left frontal and
parietal regions of interest, whereas
prAOS + APH group showed uptake in
bilateral SMA, frontal lobes, precuneus,
and precentral gyrus

- prAOS + APH showed greater tau uptake
in left precentral gyrus compared to
prAPH group

N
prAPH 4.
HC 27.

Utianski, Whitwell,
Schwarz, Senjem,
et al. (2018)

prAOS 7 MRI-structural, tau-PET,
PiB-PET

Tau uptake (SUVr), ROI level and
voxel level

- Compared to HC group, both prAOS +
APH groups showed increased tau
uptake in SMA, precentral gyrus, and
Broca’s area

- prAOS group showed pattern of increased
tau uptake only in superior (incl. SMA)
and premotor cortices, and not in
Broca’s area

N
prAOS + APH 7.
HC 42.

Utianski et al. (2019) prAOS 3 EEG, MRI-structural Posterior dominant rhythm;
clinical EEG read

- Patients with aphasia (prAPH and prAOS +
APH groups) demonstrated theta slowing
whereas the AOS-only group (prAOS)
did not, and instead showed normal EEG
patterns

N
prAOS + APH 2.
prAPH 3.

Note. pr = progressive etiology; AOS = a group with apraxia and no comorbid language deficits (dysarthria status not accounted for); MRI-structural = structural magnetic resonance
imaging; SPECT = single-photon emission computed tomography; GM = gray matter; WM = white matter; N = no; APH = a group with aphasia-only deficits (no AOS); DTI = diffusion
tensor imaging; PiB = Pittsburgh compound B; PET = positron emission tomography; HC = healthy control; FDG = fluorodeoxyglucose; AOS + APH = AOS group with comorbid language
impairment; str = poststroke or other acute acquired etiology; ABA-2 = Apraxia Battery for Adults–Second Edition; PPAOS = primary progressive apraxia of speech; NOS = diagnosis not
otherwise specified, e.g., semantic dementia, unclassified primary progressive aphasia cases, behavioral variant frontotemporal dementia, progressive supranuclear palsy; dx = diagnosis;
PSP-S = progressive supranuclear palsy syndrome; ASRS = Apraxia of Speech Rating Scale; nfvPPA = nonfluent variant primary progressive aphasia; FTLD-tau = frontotemporal lobar
degeneration with tau pathology; FTLD-TDP = frontotemporal lobar degeneration with TDP-43 inclusions; lvPPA = logopenic variant primary progressive aphasia; svPPA = semantic
variant primary progressive aphasia; SMA = supplementary motor area; fMRI = functional magnetic resonance imaging; DC = other disease control (e.g., individuals who have had a
stroke but with no AOS or aphasia); DYS = dysarthria-only group (no AOS, no aphasia); SUVr = standardized uptake value ratio; ROIs = regions of interest; EEG = electroencephalography.
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Differential Diagnosis Based on Quantitative
Speech Measures

An equally large number of studies (n = 27) focused on
quantifying surface features that have been associated with
apraxia of speech through objective acoustic or kinematic
measurements. These studies focused on identifying quan-
titative markers of CAS or AOS that may be more sensitive
and reliable than perceptual measures and have the potential
to establish more empirical criteria for apraxia diagnosis.

CAS
Twelve of the included studies examined the use of

quantitative speech measures for aiding in diagnosis of
CAS (see Table 4). Quantitative methods used included
acoustic measures (n = 11) and articulatory kinematic mea-
sures (n = 5). The majority of studies in this category in-
cluded a control group of children with other SSDs (n = 10),
although several only included a TD control group (n = 4).
Only one study included a comparison group of children
with dysarthria. The majority of studies in this category
focused on children between the ages of 3 and 10 years
(n = 10); however, a series of studies by Shriberg and col-
leagues included a large sample of speakers with CAS rang-
ing from 3 to 23 years (Shriberg et al., 2017a, 2017b, 2017c,
2017d).

Studies in this category demonstrated that several
quantitative measures used to index core speech symptoms
(i.e., coarticulation, motor variability, and prosody) differed
between children with and without CAS. Three acoustic
studies demonstrated that formant measures indexing an-
ticipatory coarticulation differ between children with CAS
and those with typical development (Maassen et al., 2001;
Nijland et al., 2002; Nijland, Maassen, Van der Meulen,
Gabreëls, et al., 2003). Two kinematic studies demonstrated
that variability of lip and jaw movement signals across re-
peated productions of words and syllables was greater in
children with CAS compared to children with typical devel-
opment and SSD groups (Case & Grigos, 2016; Grigos
et al., 2015). Two acoustic measures of lexical stress also
differentiated children with CAS from children with typical
development and other SSDs (Munson et al., 2003; Shriberg
et al., 2003). One recent study (Kopera & Grigos, 2019) did
not find acoustic differences in lexical stress in children with
CAS compared to control groups but did find differences
in jaw kinematics reflecting reduced marking of lexical stress
in the CAS group. Of the 12 studies, only two reported di-
agnostic accuracy statistics. Shriberg and colleagues demon-
strated strong sensitivity (86.8%) and specificity (100%) of
the Pause Marker, an acoustic-aided measure of appropriate
pausing, for differentiating children with CAS from other
SSDs (Shriberg et al., 2017a, 2017b). The only study to
include a comparison group of speakers with dysarthria re-
ported high sensitivity and specificity (ranging from 89% to
100%) of maximum performance tasks (i.e., maximum pho-
nation duration, fricative duration, and diadochokinesis)
for differentiating between dysarthria, CAS, and SSD
(Thoonen et al., 1999); however, the inclusion criteria used
2974 Journal of Speech, Language, and Hearing Research • Vol. 63 •
for the CAS group in this study did not include prosodic
errors or difficulty with articulatory transitions, which are
now accepted core features of CAS (ASHA, 2007).

AOS
Fifteen of the included articles used quantitative speech

features to aid in the diagnosis of AOS. A majority of these
15 articles focused on a poststroke population (n = 12),
while a smaller number (n = 3) studied individuals with a
progressive etiology (see Table 5). The AOS group had
comorbid aphasic deficits in the vast majority of studies
(n = 13) in this category. Aphasic status was unknown in
one study (Patel et al., 2013), and only one study reported
results from a pure (progressive) AOS group (Duffy et al.,
2017). The majority of articles (n = 10) in this category in-
cluded an aphasia-only disease control group. Most articles
also reported results from additional control groups, includ-
ing healthy individuals (n = 11) or other disease control
groups (e.g., individuals with stroke but no aphasia, behav-
ioral variant frontotemporal dementia; n = 2). Two studies
included a dysarthria comparison group. A limited number
of studies (n = 2) included secondary imaging evidence.

Studies in this category overwhelmingly used acoustic
measures (n = 14) to quantify differences between groups in
speech rate, lexical stress, and phonemic accuracy. The most
commonly investigated acoustic measure was pairwise vari-
ability index for vowel duration and/or intensity; eight stud-
ies provided robust support for the utility of this measure
to differentiate AOS groups from aphasia-only groups in
both poststroke and progressive populations (Ballard et al.,
2016; Ballard, Savage, et al., 2014; Basilakos et al., 2017;
Courson et al., 2012; Duffy et al., 2017; Haley & Jacks,
2019; Scholl et al., 2018; Vergis et al., 2014). Specifically,
results overwhelmingly indicated a reduced pairwise vari-
ability index for AOS groups. Several studies also found a
reduced rate of speech—either in spontaneous speech or on
maximum performance tasks (e.g., diadochokinetic rate)—
among individuals with AOS as compared to individuals
with aphasia only (Duffy et al., 2017; Melle & Gallego,
2012; Wilson et al., 2010); however, studies that also incor-
porated a dysarthria control reported results to indicate that
rate alone may not distinguish AOS from dysarthria. Melle
and Gallego (2012), for instance, report the alternating
motion rate alone failed to distinguish AOS and dysarthria
groups whereas the sequential motion rate did, thereby sug-
gesting the importance of task in eliciting group differences.

Nontemporal acoustic variables were also evaluated
across several studies, many of which focused on phonemic
accuracy of vowels (Jacks et al., 2010) and consonants
(Haley, 2002). In general, this group of studies found no
evidence to support systematic differences in phonemic
accuracy that could be uniquely attributed to AOS; however,
results from Basilakos et al. (2017) report significant differ-
ences between AOS and disease control groups in consonan-
tal production, as measured using the high-frequency band
of an envelope modulation spectrum. Other studies investi-
gating variability measures—including error variability
(Scholl et al., 2018), voice onset time variability (Basilakos
2952–2994 • September 2020



et al., 2017), and formant variability (Jacks et al., 2010;
Melle & Gallego, 2012)—showed equivocal results: Stud-
ies generally reported greater error variability for AOS
groups, but no between-groups differences were found be-
tween AOS and aphasia-only groups for measures such as
voice onset time or formant variability (Basilakos et al.,
2017; Jacks et al., 2010).

A single study (Bartle-Meyer et al., 2009) used kine-
matic, as opposed to acoustic, measures to report on ar-
ticulatory coupling (i.e., the degree of coordination in
movement between various articulators). Study results showed
that coupling was greater for a majority of individuals with
AOS compared to healthy controls; importantly though,
this study did not include an aphasia-only control group.

Of the 14 articles in this category, five reported on
diagnostic accuracy for several of the quantitative measures
of interest (Ballard et al., 2016; Ballard, Savage, et al., 2014;
Basilakos et al., 2017; Duffy et al., 2017; Scholl et al., 2018).
Mirroring the group-level results, the pairwise variability
index measure was shown to have good predictive value
for AOS across several studies (Ballard et al., 2016; Ballard,
Savage, et al., 2014; Duffy et al., 2017). In one of these stud-
ies (Ballard, Savage, et al., 2014), the authors assessed com-
parative diagnostic accuracy of several different acoustic
measures and demonstrated a greater predictive value for
the pairwise variability index for vowel duration as com-
pared to the pairwise variability index for intensity, as well
as measures of silence duration/variability in silence dura-
tion. Another of these studies (Ballard et al., 2016) com-
pared the diagnostic accuracy of the pairwise variability
index for vowel duration for different types of multisyllabic
stimuli, namely, trisyllabic words with a weak–strong (e.g.,
“banana”) versus strong–weak (e.g., “butterfly”) stress pat-
tern. The authors found that diagnostic accuracy was greater
when the pairwise variability index was measured for mul-
tisyllabic words with a weak–strong stress pattern. Basila-
kos et al. (2017) reported very high classification accuracy
for a comprehensive set of acoustic features, with measures
of consonantal production (envelope modulation spectrum)
accounting for the greatest single-variable contribution to
overall accuracy. Two articles highlighted the importance
of task—specifically the inclusion of longer multisyllabic
words—in inducing errors that in turn demonstrate good
diagnostic accuracy for AOS (Ballard et al., 2016; Duffy
et al., 2017). Duffy et al. (2017), for example, demonstrate
that diagnostic accuracy increases for trisyllabic word stim-
uli, such as “catastrophe” or “stethoscope”, as compared to
monosyllabic word stimuli.

Differential Diagnosis Based on Impaired
Linguistic–Motor Processes

The third group of studies (n = 17) focused on using
experimental paradigms to isolate deficits in planning/
programming of speech in order to differentiate individ-
uals with AOS/CAS from other speech diagnoses. These
paradigms are based on theoretical models that posit a plan-
ning/programming level in the speech production process,
which may be separated from both higher level language pro-
cesses and more downstream motor execution processes
(Guenther et al., 2006; Hickok, 2012; Houde & Nagarajan,
2011; Levelt et al., 1999; Tourville & Guenther, 2011).
Mechanistic studies of apraxia of speech experimentally
manipulate aspects of the typical speech production pro-
cess in an attempt to isolate impairments at this planning/
programming level.

CAS
Nine studies used experimental paradigms to try to

isolate the level of processing breakdown associated with
CAS (see Table 6). Experimental protocols included pertur-
bation paradigms (n = 2; i.e., using a bite block [Nijland,
Maassen, & van der Meulen, 2003] or auditory masking
[Iuzzini-Seigel et al., 2015]), electroencephalography (EEG;
n = 2; Froud & Khamis-Dakwar, 2012; Preston et al.,
2014), and behavioral measures (n = 5; i.e., phonemic er-
ror patterns [Shriberg et al., 2012, 2017c], rhythm imitation
[Peter & Stoel-Gammon, 2008], and speech perception tasks
[Ingram et al., 2019; Zuk et al., 2018]) to examine process-
ing deficits in CAS. The majority of studies in this category
only included a control group of TD speakers (n = 5), but
four studies included an SSD comparison group. No studies
included a dysarthria comparison group. Age ranges varied
widely across studies, but all focused on children with CAS
over 4 years of age.

Both perturbation studies demonstrated different ad-
aptation responses in children with CAS compared to chil-
dren with typical development or other SSDs, supporting
theoretical deficits in feedforward commands in children
with CAS (Iuzzini-Seigel et al., 2015; Nijland, Maassen, &
van der Meulen, 2003). The EEG studies identified differ-
ences in perception of phonological and phonetic detail
(Froud & Khamis-Dakwar, 2012) as well as phonological
encoding during word production (Preston et al., 2014) in
children with CAS compared to TD children. Behavioral
studies indicated general timing deficits (Peter & Stoel-
Gammon, 2008) and transcoding deficits (i.e., speech sound
additions in a nonword syllable repetition task; Shriberg
et al., 2012) in children with CAS compared to controls.
Speech perception studies yielded mixed findings; one sug-
gested speech perception deficits in children with CAS
(Ingram et al., 2019), and the other suggested that speech
perception deficits are not a core characteristic of CAS, but
instead related to concomitant language impairment (Zuk
et al., 2018). Sensitivity and specificity were not reported for
any studies in this category.

AOS
Eight studies in the AOS literature used experimental

paradigms to identify the mechanism of impairment and
thereby differentiate individuals with AOS from individ-
uals with aphasia only and healthy control individuals (see
Table 7). Experimental paradigms used altered/masked
auditory feedback (n = 4), visuomotor tracking (n = 2),
bite-block perturbation (n = 1), and an auditory discrimina-
tion task (n = 1). The majority of studies in this category
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included both a healthy control and an aphasia-only com-
parison group (n = 5); four studies included only a healthy
control comparison group.

Results from two out of four altered/masked audi-
tory feedback paradigm studies indicated a decrement in
performance—measured in terms of reaction time (Mailend
& Maas, 2013), vowel duration, and/or vowel contrast
(Maas et al., 2015)—for AOS groups in altered/masked
auditory conditions, suggesting impaired feedforward con-
trol of speech in AOS. A third study employing a similar
auditory feedback paradigm reported the opposite effect (i.e.,
improved performance on multiple measures of speech flu-
ency) but nonetheless interpreted results in favor of an intact,
overrelied upon feedback system, coupled with impaired
feedforward control (Jacks & Haley, 2015). The final study
involving an altered/masked auditory feedback paradigm
investigated patterns of compensation and adaptation rather
than more objective performance metrics and found evi-
dence for a greater adaptation among individuals with AOS;
the authors suggest that this may be due to a more mal-
leable motor control system and the modification of feedfor-
ward commands therein (Ballard et al., 2018). A bite-block
perturbation study (Jacks, 2008) also reported results in line
with the hypothesis of feedforward control deficits in
AOS, as did both studies using a visuomotor tracking
paradigm (Ballard & Robin, 2007; Robin et al., 2008).
Ballard and Robin (2007) additionally reported evidence
for inefficient integration of feedback leading to subopti-
mal refinement of feedforward programs. No studies in this
category reported on metrics of diagnostic accuracy.

Differential Diagnosis Based on Neuroimaging
The fourth group of studies (n = 19) focused on use

of neuroimaging biomarkers as a basis for identification of
speech apraxia. These studies used imaging modalities that
include structural magnetic resonance imaging (MRI) to
assess gray and white matter integrity, diffusion tensor im-
aging (DTI) to assess white matter tract integrity, and
positron emission tomography (PET) imaging to identify
patterns of hypometabolism (i.e., areas characterized by
decreased glucose consumption, a proxy for functional
brain activity). Importantly, most studies in this category
have not used imaging markers as the basis for differential
diagnosis of CAS/AOS but rather have focused on the
preliminary step of identifying specific patterns of atrophy
or hypometabolism that are characteristic of CAS/AOS and
that may, in the future, aid in differential diagnosis.

CAS
Only one study meeting our inclusion criteria was

found for examination of neuroimaging biomarkers in chil-
dren with CAS (Fiori et al., 2016; see Table 8). This study
used diffusion-weighted MRI to examine differences in white
matter microstructure between children with CAS and TD
children over the age of 4 years. Results indicated weak-
ened connectivity of speech-language networks in children
with CAS.
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Eighteen of the included studies that used neuroim-

aging techniques have attempted to identify neuroanatomic
correlates to AOS (see Table 9). In contrast to other study
categories (i.e., symptoms, quantitative features, processes),
the AOS neuroimaging literature is heavily focused on in-
dividuals with progressive forms of AOS (n = 14) as op-
posed to poststroke acquired AOS (n = 4). Because isolated
AOS is more common in cases of progressive, neurodegen-
erative etiologies (cf. pure poststroke AOS), a large percent-
age (71%) of studies in this category focused on progressive
AOS included a pure AOS group; one of the poststroke
studies also included a pure AOS group, although it was rela-
tively small. Regardless of etiology, the majority of studies
in this category include an aphasia-only comparison group
(n = 11) and/or a healthy control group (n = 9). A single
study in this category included a dysarthria control group.

In terms of imaging modality, the vast majority of
studies in this category included structural MRI (n = 16). A
sizable subset also included PET imaging (n = 7), typically
fluorodeoxyglucose-PET or tau-PET, to look at patterns of
brain hypometabolism and tau uptake, respectively. Six
studies also use DTI to evaluate white matter tract integrity.
Two studies used functional MRI to look at resting-state
connectivity. Two studies included postmortem pathology
findings alongside in vivo imaging results. One study
(Utianski et al., 2019) investigated EEG recording profiles.

Results from the imaging studies indicate that there
exist unique patterns of atrophy; reduced connectivity; and,
to a lesser extent, hypometabolism in AOS that can be at
least partially dissociated from aphasia-associated atrophy
patterns. Multiple studies found a relationship between
AOS and atrophy, hypometabolism and/or reduced resting-
state connectivity in the precentral gyrus/primary motor
area (Basilakos et al., 2015; Botha et al., 2018; Itabashi
et al., 2016; Josephs et al., 2014), premotor area (Botha
et al., 2015, 2018; Josephs et al., 2014, 2013, 2012, 2006;
New et al., 2015; Whitwell, Duffy, Strand, Machulda, et al.,
2013), and supplementary motor area (Botha et al., 2015,
2018; Josephs et al., 2012, 2006; Whitwell, Duffy, Strand,
Machulda, et al., 2013). Greater left than right atrophy/
reduced connectivity/hypometabolism was reported in each
of these regions. These same regions were also implicated
across several studies investigating tau uptake using tau-PET
scans; these studies demonstrated increased tau uptake
in these speech-related regions of interest and, moreover,
showed that this uptake pattern was at least partially unique
to AOS-only or AOS-predominant (cf. aphasia) groups
(Utianski, Whitwell, Schwarz, Duffy, et al., 2018; Utianski,
Whitwell, Schwarz, Senjem, et al., 2018). At least one study
found a relationship between AOS and atrophy and/or
hypometabolism in the midbrain (Josephs et al., 2014, 2013),
basal ganglia (Josephs et al., 2014), and somatosensory
areas (Basilakos et al., 2015). Results relating atrophy of
Broca’s area and the insular region were equivocal across
studies: Two studies endorsed a relationship between AOS
and atrophy in either Broca’s area or the insula (Botha et al.,
2015; Trupe et al., 2013). However, other studies found that
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atrophy in these regions was associated with agramma-
tism and not AOS per se (Josephs et al., 2013; Whitwell,
Duffy, Strand, Xia, et al., 2013). DTI results demonstrated
white matter damage in left intrafrontal tracts to be corre-
lated with AOS, particularly the left posterior premotor–
supplementary motor area pathway (Josephs et al., 2014,
2013, 2012; Mandelli et al., 2014). Studies that looked at
underlying pathology through use of postmortem autopsy
findings reported strong associations with AOS-predomi-
nant syndromes and underlying tau pathology (Caso et al.,
2014; Josephs et al., 2006). None of the included neuroim-
aging studies reported on sensitivity/specificity of neuroim-
aging biomarkers.

Inclusion Criteria Used for AOS and CAS
The inclusion criteria used by authors to validate di-

agnoses of CAS or AOS for participants in each reviewed
study since 2007 were charted (see Appendixes A and B).
Specific features were counted as inclusion criteria if the
authors listed the feature as a criterion for diagnosis of
CAS/AOS or if they made explicit reference to a criteria
set (e.g., ASRS) that includes that feature. The percentage
of articles using each speech feature as part of the inclusion
criteria was calculated separately for AOS studies and CAS
studies (see Figure 2). Figure 3 displays the comparison
between the frequency of different inclusion characteristics
used for each population.
Discussion
Results of this review found that a wide variety of

methods have been used to study differential diagnosis of
apraxia of speech in both adult and child populations. The
state of the evidence for different approaches to differential
diagnosis and remaining barriers to their clinical implemen-
tation are discussed below.

State of the Evidence for Different Approaches
to Differential Diagnosis
Diagnosis Through Speech Symptoms

Collectively, evidence supports the clinical use of
speech symptoms for diagnosis of CAS and AOS. Evidence
from studies of CAS indicates good sensitivity and specific-
ity of a few auditory–perceptual measures (or combinations
of measures) for distinguishing CAS from other SSDs.
This suggests promise for development of assessment batte-
ries based on measures of perceptual speech symptoms that
could improve consistency in clinical diagnosis of CAS. In
AOS as well, there has been progress toward the development
of more standardized assessment batteries to improve the di-
agnosis of AOS. The ASRS is the best known and most
widely used of these assessments, and its authors have also
reported on the reliability of each of its component metrics
(Strand et al., 2014). In both CAS and AOS, there is poten-
tial for improved reliability and diagnostic accuracy of percep-
tual feature sets as more research is done to identify optimal
feature subsets and to determine the utility of clinician train-
ing for increasing reliability of perceptual approaches.

Diagnosis Through Quantitative Speech Features
Evidence supports the potential diagnostic utility of

quantitative speech measures for improving the reliability of
apraxia of speech diagnosis in adults and children. For CAS,
one quantitative measure of pausing (i.e., Pause Marker;
Shriberg et al., 2017a, 2017b, 2017c) has the strongest evi-
dence supporting its utility as a diagnostic marker for CAS,
while other measures may have potential clinical utility in
the future. For AOS, the measure with the most robust
literature support is the pairwise variability index, an
acoustic measure of relative stress in multisyllabic words
(Ballard et al., 2016; Ballard, Savage, et al., 2014; Basilakos
et al., 2017; Courson et al., 2012; Duffy et al., 2017; Scholl
et al., 2018; Vergis et al., 2014). There is also good evi-
dence for the use of rate measures—especially maximum
rate measures—to differentiate AOS from phonological
or other language impairments but not from dysarthria
(Melle & Gallego, 2012; Wilson et al., 2010). Overall, the
AOS literature indicates that temporally based quantitative
measures likely have better clinical utility as diagnostic
markers as compared to measures of phonemic accuracy
or production variability.

Diagnosis Through Identifying Impaired
Linguistic–Motor Processes

The experimental paradigms varied widely across
studies included in this category, limiting our ability to make
conclusions about the utility of particular paradigms for
differential diagnosis of AOS or CAS. Pediatric studies
yielded mixed findings regarding whether the level of pro-
cessing breakdown in CAS is isolated to just motor planning/
programming or if deficits in phonological encoding, speech
perception, and more general deficits in rhythm/memory
are also involved. Few studies controlled for comorbid lan-
guage impairment, suggesting the need for additional vali-
dation of findings considering this common comorbidity.
In the AOS literature, there seems to be an emerging consen-
sus that AOS reflects a deficit in planning/programming dif-
ferentiable from phonological impairment on the one hand
and motor execution on the other. Despite different experi-
mental paradigms across studies, results tended to support
the specific hypothesis of feedforward control deficits as the
underlying mechanism of AOS and also a deficit in CAS.

Diagnosis Through Neuroimaging
Neuroimaging evidence related to CAS is extremely

limited, and currently, there are no neural markers that in-
form clinical diagnosis of CAS. Though beyond the scope
of this review, genetic biomarkers have been an emerging
area of interest in CAS (Centanni et al., 2015; Laffin et al.,
2012; Worthey et al., 2013). We did not find any genetic
studies that met our criteria for inclusion in this review. In
contrast to CAS, there is a robust and growing body of
literature using neuroimaging techniques to aid in the
understanding and diagnosis of AOS. The neuroimaging
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Figure 2. Distribution of inclusion criteria reported in studies since 2007 for (a) determining childhood apraxia of speech (CAS) diagnosis and
(b) determining acquired apraxia of speech (AOS) diagnosis. AMRs = alternating motion rates; DDK = diadochokinetic; EL = expressive language;
RL = receptive language; SMRs = sequential motion rates.
literature on AOS is particularly focused on progressive
etiologies, because this population offers a unique opportunity
to study AOS in the absence of comorbid language deficits.
Neuroimaging evidence demonstrates that AOS is associated
with distinct patterns of atrophy (left > right) and other neu-
roanatomic abnormalities (e.g., hypometabolism, reduced
functional connectivity). The most commonly cited regions
purported to underlay apraxic speech deficits include the
premotor area (Botha et al., 2015, 2018; Josephs et al., 2014,
2013, 2012, 2006; New et al., 2015; Whitwell, Duffy, Strand,
Machulda, et al., 2013), precentral gyrus/primary motor
area (Basilakos et al., 2015; Botha et al., 2018; Itabashi et al.,
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2016; Josephs et al., 2014), and supplementary motor area
(Botha et al., 2015, 2018; Josephs et al., 2012, 2006; Whitwell,
Duffy, Strand, Machulda, et al., 2013). Although neuro-
imaging evidence has greatly advanced the understanding
of the mechanisms of impairment in AOS, the literature
is limited with regard to its clinical utility as a diagnostic
marker.
Barriers to Clinical Implementation
Methodologies used in the reviewed literature lie on

a continuum from behavioral research to neuroimaging
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Figure 3. Comparison of inclusion criteria in childhood apraxia of speech (CAS) studies and apraxia of speech (AOS) studies published since
2007. Frequency of occurrence of each individual inclusion criterion is represented on the radial axis as a proportion of studies using the
given criterion relative to the total number of CAS (magenta) or AOS (teal) studies. Shaded areas indicate the degree of (non)overlap between
features commonly used in CAS versus AOS studies. AMR = alternating motion rate; EL = expressive language; OM = oral motor; RL = receptive
language; SMR = sequential motion rate.
research, with varying strengths and limitations to their
clinical applicability. Behavioral measures (i.e., observation
of surface speech features) have the advantage of being more
ecologically valid, more directly informing treatment, and
being easy to implement in a clinical setting; however, these
measures have historically been inadequate to clearly differ-
entially diagnose apraxia of speech because of the degree
of overlap in clinical features between different speech di-
agnoses, the amount of individual variability among people
with motor speech disorders, and challenges with reliable
measurement and quantification of behavioral speech fea-
tures. In contrast, quantitative, experimental, and neuro-
imaging approaches to differential diagnosis have the
advantage of being more objective and reliable, more sensi-
tive to subtle differences, more diagnostically specific, and
potentially informative about the underlying etiology. How-
ever, these techniques rely on specialized equipment or de-
tailed and time-consuming analysis techniques that are not
typically feasible in most clinical settings. While several
of these quantitative measures appear promising for assist-
ing with differential diagnosis, research efforts are needed
to translate them into clinically feasible tools.

An additional limitation of existing literature is that
most studies of both CAS and AOS assume that individ-
uals included in the studies were accurately identified by
expert clinical judges based on a defined set of criteria. Using
expert clinical judgment as the diagnostic “gold standard”
inherently leads to circular logic in research studies; results
showing a difference between a priori defined speech
apraxia and control groups on quantitative measures provide
information about how the groups differ but do not validate
the initial accuracy of the clinical diagnosis for included par-
ticipants. To our knowledge, the reliability of expert clini-
cal diagnosis of CAS and AOS has not been tested, and
given the inconsistency in inclusion criteria used across stud-
ies, it is likely there may be discrepancies across expert
clinicians and research groups regarding diagnosis. This
suggests the need for increased consensus on a clinical diag-
nostic standard and research on the reliability of clinicians’
ratings of diagnostic features.

There are also remaining gaps in the research litera-
ture that currently limit the clinical utility of some promis-
ing potential diagnostic measures and are important areas
for future research efforts. First, a major gap in both the
child and adult literature is the lack of inclusion of dysar-
thria comparison groups. Although the majority of studies
included a phonological comparison group (i.e., SSD group
in child studies, aphasia group in adult studies), only one
CAS study and three AOS studies included a dysarthria
comparison group. Given the frequency of prosodic and
rate disturbances in speakers with dysarthria, the lack
of data on these measures from speakers with dysarthria is
a critical limitation to discriminating between CAS/AOS
and dysarthria. Second, a small proportion of the reviewed
studies reported diagnostic accuracy statistics. Sensitivity,
specificity, and positive/negative predictive values of potential
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diagnostic measures are essential for individual-level pre-
diction, which is what is needed in clinical settings to be an
effective diagnostic marker. Third, comorbidity with lan-
guage impairment is a major issue in both child and adult
populations. In children, CAS commonly occurs in the
presence of comorbid language impairment, but few studies
controlled for language impairment in their analyses. In the
adult literature, the problem of comorbidity has nothing to
do with the inclusion of an aphasia-only control group—
which the vast majority of studies include—but rather to do
with the fact that pure (poststroke) AOS is rare and most
groupings of individuals with AOS have concomitant lan-
guage impairments, often of a different type than the lan-
guage impairments seen in the aphasia-only control groups
(e.g., nonfluent vs. anomic aphasia). This confound is
avoided in studies of primary progressive AOS and highlights
the unique contribution of this body of literature (Duffy &
Josephs, 2012).

For children, another consideration is age and changes
with development and treatment. Features that have been
identified as potentially helpful for differential diagnosis
have primarily been studied in children over 4 years of age.
Current evidence is limited regarding diagnostic features
in younger children, although this appears to be an active
area of emerging research. Continued future research in this
area is needed to improve early identification of children
with CAS.

Comparison Between AOS and CAS Literature
Both the AOS and CAS literature show continuing

inconsistencies in the criteria used to validate the diagnosis in
research participants. Analysis of criteria used in studies
since 2007 to qualify individuals for inclusion in speech
apraxia groups revealed a greater degree of consensus re-
garding specific diagnostic features in CAS as compared to
AOS. Eight of the 20 total CAS inclusion criteria were used
in a majority (> 50%) of studies (i.e., dysprosody, nonspeech
groping, increased errors with complexity, distortions, dis-
rupted coarticulation, vowel errors, voicing errors, and
inconsistent errors), two of which (i.e., dysprosody and
nonspeech groping) were used in more than 80% of studies.
In contrast, only three of 16 total AOS inclusion criteria—
sound distortions, slow rate, and distorted substitutions—
were used in a majority of studies (67%, 67%, and 60% of
total studies, respectively), and no features garnered consen-
sus above 70%. It is worth noting, however, that consensus
regarding diagnostic criteria has improved markedly since
the 2014 publication of the ASRS, which suggests that, for
both AOS and CAS, consistency in diagnostic inclusion
criteria has benefited from the introduction of formalized
guidelines. This emerging consensus in diagnostic criteria
is essential for ensuring that findings from research studies
are comparable to each other and for their applicability to
clinical practice.

Comparisons between the AOS and CAS diagnostic
criteria also highlighted the substantial differences in clini-
cal presentations associated with CAS and AOS. Diagnostic
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criteria used in CAS studies had a relatively greater focus
on specific segmental features compared to AOS. Six of the
top eight most cited CAS features were segmental, com-
pared to only four of the top eight AOS features. Moreover,
CAS segmental features included several that were not
used for diagnosis in any AOS studies, including disrupted
coarticulation, vowel errors, and voicing errors. This differ-
ence in diagnostic inclusion criteria highlights important
differences in the clinical presentations associated with AOS
and CAS despite the shared theoretical breakdown in speech
motor planning/programming. Specifically, this comparison
showed more similarity in suprasegmental characteristics
between CAS and AOS than in segmental characteristics.
The shared suprasegmental characteristics identified in
Figure 3 may be particularly valuable for identifying points
of overlap where the CAS and AOS bodies of research may
best help inform each other.

This review also identified important similarities and
differences in methodologies used in AOS and CAS studies
that may provide valuable directions for future research.
Although similar methodological approaches have been
used in both AOS and CAS populations, there are differ-
ences in the specific measures that have been most fre-
quently studied. To the degree that symptoms and processing
deficits overlap between CAS and AOS, some quantitative
features and experimental paradigms that have shown
strong evidence in one population may be promising to
translate to the other. For example, measures of motor vari-
ability (spatiotemporal index) have been primarily studied
in CAS but may be useful in AOS studies as well. Because
slow rate is a common feature of CAS and AOS, Shriberg
and colleagues’ Pause Marker (Shriberg et al., 2017a, 2017b,
2017c, 2017d), which has shown good diagnostic accuracy
for CAS, may also be useful to study in regard to differen-
tial diagnosis of AOS. Conversely, some acoustic measures
that have shown promise for aiding in diagnosis of AOS,
such as the pairwise variability index, have rarely been
studied in CAS and may be useful to examine in future re-
search. Neurogenetic biomarkers are likely to be specific to
AOS or CAS, given their distinct etiologies. Thus, although
more neuroimaging work is needed to understand the neu-
roanatomic basis of CAS, it is less likely that knowledge
from AOS literature would inform CAS research in this
area.

Clinical Implications
Despite the remaining challenges associated with di-

agnosing AOS and CAS, findings from this review suggest
some important implications for practicing clinicians. This
review makes clear that, at least among researchers, con-
sensus is building around use of operationalized feature
sets, in particular the Mayo 10 criteria (Shriberg et al., 2011)
and the ASHA position statement criteria (ASHA, 2007)
for CAS, and the ASRS (Strand et al., 2014) for AOS.
Thus, clinicians should consider using these criteria sets
in their clinical practice to improve consistency in diag-
nosis and to have greater confidence that findings from
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the research literature are applicable to the clients on their
caseloads.

Second, the literature demonstrates the importance
of task considerations in eliciting speech features relevant
to differential diagnosis. With regard to CAS, task com-
plexity was shown to be an important factor in differential
diagnosis across studies, suggesting the importance of in-
cluding multiple tasks at varying levels of complexity as
part of a clinical evaluation (e.g., single-syllable words, mul-
tisyllable words, connected speech samples, diadochokin-
esis). Many diagnostic features with the strongest support in
the literature (e.g., lexical stress or prosodic errors, increased
articulatory errors with increased complexity) are likely to
be better elicited through more complex speech tasks; how-
ever, inconsistency in errors may best differentiate children
with CAS from those with other SSDs in simpler speech
tasks. For younger children or those with more severe speech
impairment, the Dynamic Evaluation of Motor Speech Skill
(Strand et al., 2013) is a published assessment tool with
good evidence for its utility in differential diagnosis. In
the AOS literature, several of the diagnostic features with
broad support (e.g., syllable segmentation, increased errors
with increased rate or complexity) require the use of multi-
syllabic stimuli as part of the assessment battery; moreover,
there is evidence that the use of longer multisyllabic stim-
uli leads to greater diagnostic accuracy for identifying
AOS (Duffy et al., 2017). Within the category of multi-
syllabic words, stimuli with contrastive stress patterns are
particularly useful for deriving measures of relative vowel
duration.

Third, results of this review show evidence for the
potential utility of quantitative measures to support clinical
diagnosis. For example, the Pause Marker (Shriberg et al.,
2017a, 2017b, 2017c) could be used to increase confidence
in making a CAS diagnosis, and pairwise variability indices
could inform clinical judgment about equal/excess stress
patterns for AOS. Clinical neuroimaging that shows canoni-
cal lesion/atrophy patterns (e.g., left-lateralized premotor,
primary, and/or supplementary motor areas) also might be
cited in support of a clinical diagnosis of AOS. As discussed
previously, an important direction for future research is to
translate these promising quantitative measures into clini-
cally feasible tools.
Conclusions and Future Directions
The objectives of this scoping review were to (a) sum-

marize the experimental approaches that have been used in
the literature to improve differential diagnosis of apraxia
of speech in children and adults and to examine the state of
the evidence for different approaches and (b) examine the
similarities and differences between the AOS and CAS liter-
atures in terms of the state of the evidence for approaches
to differential diagnosis. Overall, we found a large body of
research that has used speech symptoms, quantitative speech
features, experimental paradigms focused on determining
impaired linguistic–motor processes, and neuroimaging
approaches to address the challenge of differential diagno-
sis of apraxia of speech in adults and children. Although
several promising measures have been identified for improv-
ing differential diagnosis of AOS and CAS, few have been
tested for their analytical validity, clinical validity, and util-
ity. Clearly, the field is in the early stages with different
labs exploring different approaches. Although these efforts,
collectively, represent a broad strategy for improving our
understanding of apraxia of speech, the findings are not
easily harmonized and consolidated, making it difficult to
appraise the existing evidence and ultimately achieve scien-
tific consensus. More data are likely to result in more un-
certainty unless efforts are made to (a) establish standards
that enable researchers to use consistent protocols and
data across the research community (e.g., common data el-
ements, standardized assessor instructions, rater training
protocols) and (b) promote best practices for testing and
reporting diagnostic accuracy (Bossuyt et al., 2003; Moher
et al., 2015; Whiting et al., 2011).

Similar methodological approaches have been used
to study differential diagnosis of apraxia of speech in adults
and children; however, the specific measures that have re-
ceived the most research attention differ between AOS
and CAS. Comparison of inclusion criteria revealed some
differences in the speech symptoms associated with CAS
and AOS, but also similarities, particularly in supraseg-
mental characteristics. To the extent that speech symptom-
atology overlaps, measures that have shown promise for
aiding in differential diagnosis in one population may be
appropriate to explore in the other.

This review has also highlighted several areas com-
mon to both the CAS and AOS literature where future re-
search is needed. For both child and adult populations,
there is a need for comparative studies testing the diagnos-
tic accuracy of multiple candidate markers, better control
over language impairment comorbidity, and inclusion of
dysarthria control groups. In addition, there is a critical
need for translational work moving toward clinical imple-
mentation of promising measures. Although speech signs
and symptoms can vary significantly from person to person,
most studies on speech apraxia have reported on a small
number of participants. This long-standing small-sample-
size problem is, however, now being addressed by (a) prom-
ising new advances in mobile recording devices and
automated speech analytics (Berry et al., 2019; Connaghan
et al., 2019; Rusz et al., 2018; Rutkove et al., 2019) and
(b) the establishment of large, publicly available, well-
curated impaired speech databases (Kim et al., 2008;
Rudzicz et al., 2012). At best, Big Data approaches will
yield efficient and effective multivariate diagnostic models
of speech apraxia, and at worst, they will be useful for
generating novel hypotheses about differential diagnostic
markers that may otherwise not be identified. Overall, the
research efforts of the past two decades have resulted in
major strides in understanding apraxia of speech in adults
and children and made us well positioned for further im-
provement in objective and reliable clinical diagnosis of
AOS and CAS.
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Appendix A (p. 1 of 3)

Charting of Inclusion Criteria for Childhood Apraxia of Speech (CAS) Studies Since 2007

Characteristic Variable name Domain Criteria set
No. of studies

(% total studies) Citations

Inappropriate prosody
(lexical stress errors or
equal stress)

Dysprosody Suprasegmental ASHA, Mayo, D&V 19 (95) Aziz et al., 2010; Case & Grigos, 2016; Fiori et al.,
2016; Grigos et al., 2015; Highman et al., 2008;
Ingram et al., 2019; Iuzzini-Seigel et al., 2017,
2015; Kopera & Grigos, 2019; Moss & Grigos,
2012; Murray et al., 2015; Overby, Belardi, &
Schreiber, 2019; Overby & Caspari, 2015;
Overby, Caspari, & Schreiber, 2019; Peter &
Stoel-Gammon, 2008; Preston et al., 2014;
Shriberg et al., 2012; *Shriberg et al., 2017b,
2017d; Zuk et al., 2018

Groping (nonspeech) Groping (nonspeech) Motor Mayo 17 (85) Case & Grigos, 2016; Fiori et al., 2016; Froud &
Khamis-Dakwar, 2012; Grigos et al., 2015;
Highman et al., 2008; Ingram et al., 2019;
Iuzzini-Seigel et al., 2017, 2015; Kopera &
Grigos, 2019; Moss & Grigos, 2012; Murray
et al., 2015; Overby, Belardi, & Schreiber,
2019; Overby & Caspari, 2015; Overby, Caspari,
& Schreiber, 2019; Shriberg et al., 2012, 2017b,
2017d; Zuk et al., 2018

Increased difficulty with
longer or more complex
words (or multisyllable
words)

Complexity effect Segmental Mayo 15 (75) Case & Grigos, 2016; Fiori et al., 2016; Froud &
Khamis-Dakwar, 2012; Highman et al., 2008;
Ingram et al., 2019; Iuzzini-Seigel et al., 2017,
2015; Murray et al., 2015; Overby, Belardi, &
Schreiber, 2019; Overby & Caspari, 2015;
Overby, Caspari, & Schreiber, 2019; Peter &
Stoel-Gammon, 2008; Shriberg et al., 2012,
2017b, 2017d; Zuk et al., 2018

Vowel or consonant
distortions, including
distorted substitutions

Sound distortions Segmental Mayo 15 (75) Case & Grigos, 2016; Fiori et al., 2016; Grigos
et al., 2015; Iuzzini-Seigel et al., 2017, 2015;
Kopera & Grigos, 2019; Moss & Grigos, 2012;
Murray et al., 2015; Overby, Belardi, & Schreiber,
2019; Overby & Caspari, 2015; Overby, Caspari,
& Schreiber, 2019; Preston et al., 2014; Shriberg
et al., 2012, 2017b, 2017d; Zuk et al., 2018

Disrupted coarticulatory
transitions/difficulty
achieving initial
articulatory
configurations and
transitions into vowels

Disrupted coarticulation Segmental ASHA, Mayo 15 (75) Case & Grigos, 2016; Fiori et al., 2016; Grigos
et al., 2015; Ingram et al., 2019; Iuzzini-Seigel
et al., 2017, 2015; Kopera & Grigos, 2019;
Murray et al., 2015; Overby, Belardi, & Schreiber,
2019; Overby & Caspari, 2015; Overby, Caspari,
& Schreiber, 2019; Peter & Stoel-Gammon, 2008;
Shriberg et al., 2012, 2017b, 2017d; Zuk et al.,
2018

(table continues)
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* (Continued).

Characteristic Variable name Domain Criteria set
No. of studies

(% total studies) Citations

Vowel errors Vowel errors Segmental D&V 14 (70) Aziz et al., 2010; Case & Grigos, 2016; Froud &
Khamis-Dakwar, 2012; Highman et al., 2008;
Ingram et al., 2019; Iuzzini-Seigel et al., 2017,
2015; Kopera & Grigos, 2019; Overby & Caspari,
2015; Peter & Stoel-Gammon, 2008; Preston
et al., 2014; Shriberg et al., 2012, 2017b, 2017d;
Zuk et al., 2018

Voicing errors Voicing errors Segmental Mayo 11 (55) Fiori et al., 2016; Grigos et al., 2015; Iuzzini-Seigel
et al., 2017, 2015; Murray et al., 2015; Overby,
Belardi, & Schreiber, 2019; Overby & Caspari,
2015; Overby, Caspari, & Schreiber, 2019;
Shriberg et al., 2012, 2017b, 2017d; Zuk et al.,
2018

Inconsistent consonant
and vowel errors

Inconsistent errors Segmental ASHA, D&V 10 (50) Aziz et al., 2010; Case & Grigos, 2016; Fiori et al.,
2016; Grigos et al., 2015; Highman et al., 2008;
Ingram et al., 2019; Kopera & Grigos, 2019;
Moss & Grigos, 2012; Murray et al., 2015; Peter &
Stoel-Gammon, 2008

Slow rate Slow rate Suprasegmental Mayo 9 (45) Iuzzini-Seigel et al., 2017, 2015; Murray et al.,
2015; Overby, Belardi, & Schreiber, 2019; Overby
& Caspari, 2015; Overby, Caspari, & Schreiber,
2019; Shriberg et al., 2012, 2017b, 2017d; Zuk
et al., 2018

Slow DDK rate Slow DDK rate Suprasegmental Mayo, D&V 9 (45) Fiori et al., 2016; Ingram et al., 2019; Murray et al.,
2015; Overby, Belardi, & Schreiber, 2019;
Overby & Caspari, 2015; Overby, Caspari, &
Schreiber, 2019; Peter & Stoel-Gammon, 2008;
Shriberg et al., 2012, 2017b, 2017d

Syllable segregation Syllable segregation Suprasegmental Mayo 9 (45) Iuzzini-Seigel et al., 2017, 2015; Murray et al.,
2015; Overby, Belardi, & Schreiber, 2019;
Overby & Caspari, 2015; Overby, Caspari, &
Schreiber, 2019; Shriberg et al., 2012, 2017b,
2017d; Zuk et al., 2018

Intrusive schwa Intrusive schwa Segmental Mayo 9 (45) Iuzzini-Seigel et al., 2017, 2015; Murray et al.,
2015; Overby, Belardi, & Schreiber, 2019;
Overby & Caspari, 2015; Overby, Caspari, &
Schreiber, 2019; Shriberg et al., 2012, 2017b,
2017d; Zuk et al., 2018

Limited phonetic inventory Limited phonetic inventory Segmental D&V 7 (35) Case & Grigos, 2016; Grigos et al., 2015; Highman
et al., 2008; Ingram et al., 2019; Kopera &
Grigos, 2019; Moss & Grigos, 2012; Peter &
Stoel-Gammon, 2008

Consonant and syllable
omissions/frequent
omission errors

Omission errors Segmental D&V 6 (30) Aziz et al., 2010; Highman et al., 2008; Ingram et al.,
2019; Moss & Grigos, 2012; Peter & Stoel-
Gammon, 2008; Preston et al., 2014

(table continues)
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* (Continued).

Characteristic Variable name Domain Criteria set
No. of studies

(% total studies) Citations

Impaired volitional oral
movement/difficulty
imitating oral
movements

Oral movements Motor D&V 6 (30) Aziz et al., 2010; Grigos et al., 2015; Highman et al.,
2008; Ingram et al., 2019; Kopera & Grigos, 2019;
Peter & Stoel-Gammon, 2008

Metathesis Metathesis Segmental – 5 (25) Froud & Khamis-Dakwar, 2012; Grigos et al.,
2015; Kopera & Grigos, 2019; Moss & Grigos,
2012; Preston et al., 2014

Poorer expressive than
receptive language
skills

EL < RL Other D&V 4 (20) Froud & Khamis-Dakwar, 2012; Grigos et al., 2015;
Kopera & Grigos, 2019; Peter & Stoel-Gammon,
2008

Simple syllable shapes Simple syllable shapes Segmental D&V 3 (15) Highman et al., 2008; Ingram et al., 2019; Peter &
Stoel-Gammon, 2008

Timing errors Timing errors Segmental — 3 (15) Case & Grigos, 2016; Grigos et al., 2015; Kopera
& Grigos, 2019

Resonance or nasality
disturbance

Resonance/nasality Other — 3 (15) Iuzzini-Seigel et al., 2017, 2015; Zuk et al., 2018

Atypical errorsa — Segmental — 1 (5) Case & Grigos, 2016
Difficulty using sounds

produced in isolation
in sequencesa

— Segmental — 1 (5) Moss & Grigos, 2012

Diphthong errorsa — Segmental — 1 (5) Highman et al., 2008
Increased artic variabilitya — Segmental — 1 (5) Fiori et al., 2016
Consonant cluster errorsa — Segmental — 1 (5) Froud & Khamis-Dakwar, 2012
Fricative/affricate errorsa — Segmental — 1 (5) Froud & Khamis-Dakwar, 2012
2- and 3-feature

articulation errors
(manner, place, voice)a

— Segmental — 1 (5) Froud & Khamis-Dakwar, 2012

Difficulty imitating words/
phrasesa

— Motor D&V 1 (5) Peter & Stoel-Gammon, 2008

Oral nonverbal apraxiaa — Motor — 1 (5) Froud & Khamis-Dakwar, 2012
Speech more unintelligible

than would be expected
from single-word artic
testsa

— Other — 1 (5) Froud & Khamis-Dakwar, 2012

Short or absent frication/
affricationa

— Other — 1 (5) Ingram et al. (2019)

Note. Em dashes indicate data not applicable. Out of 37 CAS articles in total, 20 articles were included in this analysis of inclusion criteria. Thirteen were excluded because they
were published before 2007; one article (Keske-Soares et al., 2018) was excluded because no diagnostic criteria were listed related to participant inclusion; one article (Strand et al.,
2013) was excluded because it did not separate children with speech sound disorders into subgroups a priori; one article (Lewis et al., 2011) was excluded because it documented
CAS based on parent report and because ASHA = criteria set listed in 2007 American Speech-Language-Hearing Association position statement on CAS; Mayo = criteria proposed
by Shriberg et al. (2011); D&V = criteria proposed by Davis & Velleman (2000); DDK = diadochokinetic; EL = expressive language; RL = receptive language.

*Shriberg et al. (2017b, 2017d) Parts II and IV were companion studies using the same inclusion criteria and investigating the same outcome measure—inclusion criteria from these
studies were only counted once. Thus, percentages listed are based on the 20 articles charted. aMeasures that were only mentioned as inclusion criteria in one study were excluded
from Figures 2 and 3 for ease of interpretation of the figures.
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Appendix B (p. 1 of 4)

Charting of Inclusion Criteria for Apraxia of Speech (AOS) Studies Since 2007

Characteristic Variable name Domain Criteria set
No. of studies

(% total studies) Citations

Sound distortions;
phonetic errors

Sound distortions Segmental ASRS, McNeil,
Wambaugh

28 (66.7) Ballard et al., 2016, 2018; Ballard, Savage, et al.,
2014; Bartle-Meyer et al., 2009; Basilakos et al.,
2015, 2017; Bislick et al., 2017; Botha et al.,
2015, 2018; Croot et al., 2012; Duffy et al., 2017;
Haley et al., 2013, 2012; Jacks, 2008; Jacks &
Haley, 2015; Jacks et al., 2010; Jonkers et al.,
2017; Josephs et al., 2014, 2013, 2012; Maas
et al., 2015; Mailend & Maas, 2013; New et al.,
2015; Robin et al., 2008; Whitwell, Duffy, Strand,
Xia, et al., 2013; Utianski et al., 2019; Utianski,
Whitwell, Schwarz, Duffy, et al., 2018; Utianski,
Whitwell, Schwarz, Senjem, et al., 2018

Slow overall speech/
articulation ratea

Slow rate Suprasegmental ASRS, McNeil,
Wambaugh

28 (66.7) Ballard et al., 2016, 2018; Ballard, Savage, et al.,
2014; Basilakos et al., 2015, 2017; Bislick et al.,
2017; Botha et al., 2015, 2018; Cunningham
et al., 2016; Haley et al., 2013, 2012; Haley et al.,
2017; Itabashi et al., 2016; Jacks, 2008; Jacks &
Haley, 2015; Jonkers et al., 2017; Josephs et al.,
2014, 2013, 2012; Maas et al., 2015; Mailend &
Maas, 2013; Melle & Gallego, 2012; New et al.,
2015; Robin et al., 2008; Whitwell, Duffy, Strand,
Xia, et al., 2013; Utianski et al., 2019; Utianski,
Whitwell, Schwarz, Duffy, et al., 2018; Utianski,
Whitwell, Schwarz, Senjem, et al., 2018

Distorted substitutions;
other substitution
errors (phonemic)

Distorted substitutions Segmental ASRS, McNeil,
Wambaugh

25 (59.5) Ballard et al., 2018; Basilakos et al., 2015, 2017;
Bislick et al., 2017; Botha et al., 2015, 2018;
Croot et al., 2012; Duffy et al., 2017; Haley
et al., 2013, 2012; Itabashi et al., 2016; Jacks,
2008; Jacks & Haley, 2015; Jacks et al., 2010;
Jonkers et al., 2017; Josephs et al., 2014, 2013,
2012; Maas et al., 2015; Mailend & Maas, 2013;
Melle & Gallego, 2012; Whitwell, Duffy, Strand,
Xia, et al., 2013; Utianski et al., 2019; Utianski,
Whitwell, Schwarz, Duffy, et al., 2018; Utianski,
Whitwell, Schwarz, Senjem, et al., 2018

Syllable segmentation/syllable
segregation (including
within words
or across words in
phrases/sentences)

Syllable segmentation Suprasegmental ASRS, McNeil 20 (47.6) Ballard et al., 2016, 2018; Ballard, Savage, et al.,
2014; Basilakos et al., 2015, 2017; Bislick et al.,
2017; Botha et al., 2015; Croot et al., 2012;
Itabashi et al., 2016; Josephs et al., 2014, 2013,
2012; Mailend & Maas, 2013; Melle & Gallego,
2012; New et al., 2015; Whitwell, Duffy, Strand,
Xia, et al., 2013; Utianski et al., 2019; Utianski,
Whitwell, Schwarz, Duffy, et al., 2018; Utianski,
Whitwell, Schwarz, Senjem, et al., 2018

(table continues)
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a (Continued).

Characteristic Variable name Domain Criteria set
No. of studies

(% total studies) Citations

Lengthened intersegment
durations (between
sounds, syllables, words,
or phrases; possibly filled,
including intrusive schwa)

Lengthened pauses Suprasegmental ASRS, McNeil 20 (47.6) Ballard et al., 2018; Basilakos et al., 2015, 2017;
Bislick et al., 2017; Botha et al., 2015, 2018;
Itabashi et al., 2016; Jacks & Haley, 2015;
Jacks et al., 2010; Josephs et al., 2014, 2013,
2012; Maas et al., 2015; Melle & Gallego, 2012;
New et al., 2015; Robin et al., 2008; Whitwell,
Duffy, Strand, Xia, et al., 2013; Utianski et al.,
2019; Utianski, Whitwell, Schwarz, Duffy, et al.,
2018; Utianski, Whitwell, Schwarz, Senjem, et al.,
2018

Lengthened vowel and/or
consonant segments;
other sound prolongations

Inc. seg. dur Segmental ASRS, McNeil 20 (47.6) Ballard et al., 2018; Bartle-Meyer et al., 2009;
Basilakos et al., 2015, 2017; Botha et al., 2015,
2018; Haley et al., 2013, 2012; Jacks, 2008;
Jacks & Haley, 2015; Jacks et al., 2010; Josephs
et al., 2014, 2013, 2012; Maas et al., 2015; Robin
et al., 2008; Whitwell, Duffy, Strand, Xia, et al.,
2013; Utianski et al., 2019; Utianski, Whitwell,
Schwarz, Duffy, et al., 2018; Utianski, Whitwell,
Schwarz, Senjem, et al., 2018

Audible or visible articulatory
groping, speech initiation
difficulty, false starts/
restarts

Groping Motor ASRS, McNeil,
Wertz

18 (42.9) Ballard et al., 2016, 2018; Basilakos et al., 2015,
2017; Botha et al., 2015, 2018; Duffy et al., 2017;
Haley et al., 2012; Itabashi et al., 2016; Jacks,
2008; Josephs et al., 2014, 2013, 2012; Melle &
Gallego, 2012; Whitwell, Duffy, Strand, Xia, et al.,
2013; Utianski et al., 2019; Utianski, Whitwell,
Schwarz, Duffy, et al., 2018; Utianski, Whitwell,
Schwarz, Senjem, et al., 2018

Increased sound distortions
or distorted sound
substitutions with
increased utterance length
or increased syllable/word
articulatory complexity

Complexity effect Segmental ASRS 16 (38.1) Ballard et al., 2016, 2018; Basilakos et al., 2015,
2017; Botha et al., 2015, 2018; Duffy et al.,
2017; Jacks, 2008; Josephs et al., 2014, 2013,
2012; Melle & Gallego, 2012; Whitwell, Duffy,
Strand, Xia, et al., 2013; Utianski et al., 2019;
Utianski, Whitwell, Schwarz, Duffy, et al., 2018;
Utianski, Whitwell, Schwarz, Senjem, et al.,
2018

Deliberate, slowly sequenced,
segmented, and/or
distorted (including
distorted substitutions)
speech SMRs in
comparison to speech
AMRs; sequencing errors

SMRs < AMRs Segmental ASRS 14 (33.3) Ballard et al., 2016, 2018; Basilakos et al., 2015,
2017; Botha et al., 2015, 2018; Josephs et al.,
2014, 2013, 2012; Robin et al., 2008; Whitwell,
Duffy, Strand, Xia, et al., 2013; Utianski et al.,
2019; Utianski, Whitwell, Schwarz, Duffy, et al.,
2018; Utianski, Whitwell, Schwarz, Senjem, et al.,
2018

(table continues)
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a (Continued).

Characteristic Variable name Domain Criteria set
No. of studies

(% total studies) Citations

Sound or syllable repetitions Repetitions Segmental ASRS 14 (33.3) Ballard et al., 2018; Basilakos et al., 2015, 2017;
Botha et al., 2015, 2018; Haley et al., 2012;
Josephs et al., 2014, 2013, 2012; Melle & Gallego,
2012; Whitwell, Duffy, Strand, Xia, et al., 2013;
Utianski et al., 2019; Utianski, Whitwell, Schwarz,
Duffy, et al., 2018; Utianski, Whitwell, Schwarz,
Senjem, et al., 2018

Distorted sound additions (not
including intrusive schwa)

Distorted additions Segmental ASRS 14 (33.3) Ballard et al., 2018; Basilakos et al., 2015, 2017;
Botha et al., 2015, 2018; Duffy et al., 2017;
Itabashi et al., 2016; Josephs et al., 2014, 2013,
2012; Whitwell, Duffy, Strand, Xia, et al., 2013;
Utianski et al., 2019; Utianski, Whitwell, Schwarz,
Duffy, et al., 2018; Utianski, Whitwell, Schwarz,
Senjem, et al., 2018

Altered/abnormal prosody;
dysprosody; equal/excess
stress

Dysprosody Suprasegmental McNeil, Wambaugh,
Wertz

13 (31.0) Ballard et al., 2018; Ballard, Savage, et al., 2014;
Bartle-Meyer et al., 2009; Bislick et al., 2017;
Croot et al., 2012; Haley et al., 2012; Jacks, 2008;
Jacks et al., 2010; Jonkers et al., 2017; Maas
et al., 2015; Mailend & Maas, 2013; New et al.,
2015; Robin et al., 2008

Increased sound distortions
or distorted sound
substitutions with
increased speech rate

Rate effect Segmental ASRS, McNeil 12 (28.6) Ballard et al., 2018; Basilakos et al., 2015, 2017;
Botha et al., 2015, 2018; Josephs et al., 2014,
2013, 2012; Whitwell, Duffy, Strand, Xia, et al.,
2013; Utianski et al., 2019; Utianski, Whitwell,
Schwarz, Duffy, et al., 2018; Utianski, Whitwell,
Schwarz, Senjem, et al., 2018

Reduced words per breath
group relative to maximum
vowel duration

Reduced phrase length Suprasegmental ASRS 11 (26.2) Basilakos et al., 2015, 2017; Botha et al., 2015,
2018; Josephs et al., 2014, 2013, 2012; Whitwell,
Duffy, Strand, Xia, et al., 2013; Utianski et al.,
2019; Utianski, Whitwell, Schwarz, Duffy, et al.,
2018; Utianski, Whitwell, Schwarz, Senjem, et al.,
2018

Inaccurate (off-target in place
or manner) speech AMRs

Inaccurate AMRs Segmental ASRS 11 (26.2) Basilakos et al., 2015, 2017; Botha et al., 2015,
2018; Josephs et al., 2014, 2013, 2012; Whitwell,
Duffy, Strand, Xia, et al., 2013; Utianski et al.,
2019; Utianski, Whitwell, Schwarz, Duffy, et al.,
2018; Utianski, Whitwell, Schwarz, Senjem, et al.,
2018

Errors consistent in type/
invariable in location;
consistent errors over
repeated productions

Consistent errors Segmental McNeil, Wambaugh 7 (16.7) Ballard et al., 2016; Jacks, 2008; Jonkers et al.,
2017; Maas et al., 2015; Mailend & Maas, 2013;
Robin et al., 2008

(table continues)
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a (Continued).

Characteristic Variable name Domain Criteria set
No. of studies

(% total studies) Citations

Articulator inconsistency/
inconsistent errors over
multiple repetition

Inconsistent errors Suprasegmental Wertz 2 (5.1) Ballard et al., 2016; Haley et al., 2012

“Syllabic speech output”b — Suprasegmental — 1 (2.4) Bartle-Meyer et al., 2009
PVI thresholdb (< 112) — Suprasegmental — 1 (2.4) Ballard et al., 2018
Words of increasing length

error thresholdb (> 0.17)
— Segmental — 1 (2.4) Ballard et al., 2018

Note. Em dashes indicate data not available. Out of 53 total AOS articles, 42 articles were included in this analysis of inclusion criteria. Five were excluded from current analysis
because they were published before 2007; four were excluded (Caso et al., 2014; Duncan et al., 2019; Mandelli et al., 2014; Wilson et al., 2010) because they used traditional primary
progressive aphasia inclusion criteria and specification of AOS as a separate subgroup is not addressed or is addressed as part of the review article’s analyses/results rather than as
a means of participant inclusion. One was excluded (Strand et al., 2014) because it introduces the ASRS. One was excluded (Haley & Jacks, 2019) because specific inclusion criteria
for diagnosis of the AOS group is not listed. Percentages listed are based on the 42 articles charted. ASRS = Apraxia of Speech Rating Scale (Strand et al., 2014); McNeil = criteria
set introduced in McNeil et al. (2009); Wambaugh = criteria set introduced in Wambaugh et al. (2006); Wertz = criteria set introduced in Wertz et al. (1984); SMRs = sequential motion
rates; AMRs = alternating motion rates; PVI = pairwise variability index.
aWord syllable duration from Cunningham et al. (2016) and Haley et al. (2013, 2017) considered as rate measure. bMeasures mentioned as inclusion criteria in only one study were
excluded from Figure 2b for ease of interpretation of the figures.
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