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ABSTRACT
Apraxia of speech (AOS) is a motor speech disorder that poses significant
obstacles to a person’s ability to communicate and take part in everyday life. Agreement
exists between current theories of AOS that the impairment affects the speech motor
planning stage, where linguistic representations are transformed into speech movements,
but they disagree on the specific nature of the breakdown at this processing level. A more
detailed understanding of this impairment is essential for developing targeted, effective
treatment approaches and for identifying the appropriate candidates for these treatments.
The study of AOS is complicated by the fact that this disorder rarely occurs in isolation
but is commonly accompanied by various degrees of aphasia (a language impairment)
and/or dysarthria (a neuromuscular impairment of speech motor control). In addition, the
behavioral similarities of AOS and its closest clinical neighbor, aphasia with phonemic
paraphasias, undermine the usefulness of traditional methods, such as perceptual error
analysis, in the study of both disorders.
The purpose of this dissertation was to test three competing hypotheses about the
specific nature of the speech motor planning impairment in AOS in a systematic
sequence of three reaction time experiments. This research was formulated in the context
of a well-established theoretical framework of speech production and it combines
psycholinguistic reaction time paradigms with a cognitive neuropsychological approach.
The results of the three experiments provide evidence that one component of the
speech motor planning impairment in AOS involves difficulty with selecting the intended
motor program for articulation. Furthermore, this difficulty appears to be intensified by
simultaneously activated alternative speech motor programs that compete with the target
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program for selection. These findings may prove useful as a theoretically-motivated basis
for improving diagnostic tools and treatment protocols for people with AOS and aphasia,
thus enhancing clinical decision-making. Such translational and clinical research aimed at
developing sensitive and specific diagnostic tools and improving treatment approaches is
the ultimate long-term objective of this research program.
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CHAPTER I
INTRODUCTION
Typical speech production
Spoken language is the end stage of a series of cognitive processes. This sequence
of studies focuses on the stage of speech production where linguistic representations are
transformed into previously learned motor routines and the breakdown of these
operations in AOS and aphasia. The research is situated in the context of current theories
of speech production (e.g., Bohland et al., 2010; Dell, 1986; Levelt et al., 1999) which
assume that speaking proceeds via distinct stages (e.g. word retrieval, phonological
planning, speech motor planning, speech execution, see Figure 1) and that there is a
necessity for a working space (“buffer”)
where units at a given processing stage are
combined and held in anticipation of the
next stage. The speech motor planning
stage of speech production, which is the

Lexical retrieval
Phonological encoding

focus of this research, is the stage that
immediately follows phonologic encoding

Motor planning

and precedes speech execution (Figure 1).

Speech execution

Although several detailed and
empirically substantiated models of speech

bed

production exist, most of them focus on
either language-level processes (e.g.,

Figure 1. Staged of speech production

lexical retrieval, phonological encoding; Dell, 1986; Levelt et al., 1999) or speech motor
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control (Guenther, Ghosh, & Tourville, 2006; Perkell, 2012), leaving the interface
between the two (i.e., the speech motor planning stage) out of focus and lacking in
sufficient detail. This has been an obstacle for investigating AOS (Ziegler, 2002). The
INPUT FROM PHONOLOGICAL
ENCODING STAGE
/b/ /ɛ/ /d/
FEEDBACK

FEEDFORWARD

Speech
sound
map

bed

bell

Error map

Feedforward
commands

Feedback
commands

Auditory target
region
Current auditory
state

Final motor commands
bed

Figure 2. Simplified schematic of the DIVA/GODIVA model (Guenther et al.,
2006; Bohland et al., 2010; see text for details).
current research is guided primarily by the DIVA model (Directions into Velocities of
Articulators; Guenther, 2016; Guenther et al., 2006), which is a model of speech motor
control; and its extension, the GODIVA model (Gradient Order DIVA; Bohland et al.,
2010), which extends the DIVA model to the phonological encoding stage and its
interface with the speech motor control component.
The DIVA/GODIVA model (Figure 2) is composed of two subsystems of speech
motor control: the feedforward control and the feedback control. Speech production
begins with the encoding of the phonological word that the speaker intends to produce.
The phonological word serves as input to the Feedforward system where it first activates
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the corresponding representation in the Speech Sound Map. Representations that
constitute a perfect match will be activated to the largest degree but representations with
a partial match will also receive some activation, potentially introducing competition
(Civier et al., 2013). This competition is resolved through parallel inhibitory and
excitatory connections between the activated cells in the Speech Sound Map. Once the
activation of the best matching program achieves the selection threshold, it will serve as
input to the motor units in the primary motor cortex, initiating the next stage in speech
production – execution of the speech movements. The feedforward projections that
connect the Speech Sound Map and the primary motor cortex represent the speech motor
programs, previously learned motor routines that guide speech articulation. After
selection, Speech Sound Map cell is actively inhibited to avoid reselection (Bohland et
al., 2010).
In parallel with the Feedforward commands, the Speech Sound Map
representation activates the Auditory Target Region in the feedback system which
encodes the expected auditory feedback. If the auditory feedback (represented as the
Current Auditory State in Figure 2) matches the expected feedback encoded by the
Speech Sound Map then the Feedback system lies dormant. But if the Feedback
mechanism detects a mismatch between the expected and actual auditory feedback then
an error signal is created which sends corrective feedback commands to the final motor
commands to correct the output online and to update the motor commands for future
productions of the same speech units. Here we focus on the feedforward and feedback
operations in the acoustic domain but the model includes parallel systems also in the
somatosensory domain which operate on the same principles. It is also important to note
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that, even though the representations in the Speech Sound Map are typically activated via
the phonological encoding stage, the same representations can be activated via the
auditory system. In other words the Speech Sound Map representation for the word ‘bed’
can be activated by the phonological system or by hearing the word ‘bed’ be spoken.
The primary reason for selecting the DIVA/GODIVA model to frame this study
over other models that also include the interface between speech and language processes
(Hickok, Houde, & Rong, 2011) is the level of detail. Namely, the DIVA/GODIVA
model provides enough detail to derive specific predictions for the three hypotheses about
AOS tested in the three experimental tasks of this dissertation (see next section).
Furthermore, DIVA/GODIVA model has proven useful as a theoretical framework for
investigating speech disorders (e.g., stuttering: Civier, Bullock, Max, & Guenther, 2013;
Guenther, 2016; and childhood apraxia of speech: Terband, Maassen, Guenther, &
Brumberg, 2009; Terband, Maassen, Guenther, & Brumberg, 2014;) and it is
computationally instantiated (see discussion on future directions in Chapter V).

Apraxia of Speech
Definition and clinical presentation. AOS is a neuromotor speech disorder that
disrupts the speech motor planning1 stage of speech production – the stage where abstract
linguistic representations are transformed into speech motor commands (Ziegler, 2008).

1

The term “motor planning” is used synonymously with “motor programming”
throughout this dissertation even though some models distinguish planning from
programming (e.g., Van der Merwe, 2009). In other models (e.g., Levelt et al., 1999) the
speech motor planning stage is also termed “phonetic encoding”. The reader is referred to
footnote 3 in Chapter II for further discussion.
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This impairment of speech motor planning results in slow rate of speech, articulatory
errors, such as speech sound distortions and distorted substitutions, and prosodic
abnormalities, in particular, pauses between words and syllables and prolonged vowels
that leave the listener with the impression of equal stress across syllables (Ballard et al.,
2015; McNeil, Robin, & Schmidt, 2009; Wambaugh, Duffy, McNeil, Robin, & Rogers,
2006). These characteristics can significantly reduce the intelligibility of speech (Haley &
Martin, 2011) and disrupt successful communication. In severe cases of AOS, speech
may be limited to a few prototypical utterances or no speech output at all. Thus, AOS
poses serious limitations on functioning and participation in life (Cowell, Whiteside,
Windsor, & Varley, 2010; Tanner & Gerstenberger, 1988).
Although AOS may occur in isolation, the underlying pathology typically affects
language function as well, so that it most commonly co-occurs with acquired language
impairment (aphasia). In some cases, muscle weakness or incoordination of movements
affecting speech (dysarthria) may also be present. The prevalence of AOS is difficult to
determine, but combined sources suggest that 320,000 Americans have AOS as a primary
disorder (Duffy, 2005; National Aphasia Association, n.d.). In addition, an undetermined
proportion of the two million Americans with primary diagnosis of aphasia also have
AOS. These people present a clinical challenge from a diagnostic and treatment
perspective because impairments may arise at various stages of language formulation,
speech motor planning, or both.
Etiology and neural substrates. The most common etiology for AOS is left
hemisphere stroke, with other causes including head trauma and brain tumor (Duffy,
2005; Ziegler, 2008). More recently, researchers have also described a progressive form
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of AOS that occurs in a context of a neurodegenerative disease, most commonly
progressive supranuclear palsy syndrome or corticobasal syndrome (Duffy, 2006; Josephs
et al., 2013). The progressive form has been the focus of several studies over the recent
years – there are many commonalities between the two forms but there are also some
differences (Duffy & Josephs, 2012). For consistency with previous research, this
sequence of studies focuses exclusively on non-progressive AOS.
In terms of the specific locus of brain damage, AOS is associated with lesions in
the area of the middle cerebral artery of the dominant hemisphere. Research has
implicated several specific regions (Dronkers, 1996; Hillis et al., 2004) but a consensus
appears to be emerging that a network of several different cortical and subcortical regions
is involved in speech motor planning (Guenther & Hickok, 2015) and can lead to AOS
when damaged (Basilakos, Rorden, Bonilha, Moser, & Fridriksson, 2015; Hickok et al.,
2014; McNeil, Ballard, Duffy, & Wambaugh, 2016). Among the areas most commonly
associated with AOS are inferior posterior frontal lobe, premotor areas, motor cortex and
sensorimotor cortex in the dominant hemisphere (Basilakos et al., 2015; Graff-Radford et
al., 2014; Hickok et al., 2014; Richardson, Fillmore, Rorden, LaPointe, & Fridriksson,
2012).
Theories of the underlying impairment in AOS. Although several researchers
have investigated the underlying impairment in AOS (e.g., Aichert & Ziegler, 2004;
Deger & Ziegler, 2002; Maas, Robin, Wright, & Ballard, 2008; Rogers & Storkel, 1999;
Varley & Whiteside, 2001; Ziegler, 2009), the specific deficit of speech motor planning
remains unclear, whether it occurs in isolation or in the context of concomitant aphasia.
This sequence of studies examines three hypotheses that have been proposed to explain
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the specific mechanism of the underlying motor planning impairment in AOS. Each
hypothesis can explain several characteristics commonly observed in the clinical
presentation of AOS and each hypothesis is supported by experimental evidence from at
least one study (discussed in further detail in chapters II-IV). However, these hypotheses
have not been tested against one another in a context of a single experiment and therefore
it cannot be determined which hypothesis best captures the underlying impairment in
AOS. Furthermore, in the current series of studies, all three hypotheses are operationally
defined within a single model of speech production – the DIVA/GODIVA model.
Framing the hypotheses within a single model has the advantage of making the
hypotheses more specific and their predictions more constrained in an experimental
context. In the sections below, I provide an overview of the three hypotheses and explain
how these hypotheses are characterized in the DIVA/GODIVA framework.
The first hypothesis, operationally termed here the Damaged Program Hypothesis,
has been proposed in some form by several authors (e.g., Aichert & Ziegler, 2004;
Bohland et al., 2010; Ziegler, 2009). The Damaged Programs Hypothesis suggests that
the representations for motor programs are impoverished or obliterated leading to the
common clinical observation of imprecise articulatory movements (sound distortions), or
in some cases, a complete inability to articulate a sound or sound combination (McNeil et
al., 2009).
Within the DIVA/GODIVA model, feedforward commands that link the Speech
Sound Map representations with the final motor commands in the motor cortex are
defined as the equivalent of speech motor programs (Guenther et al., 2006). Damage to
the speech motor programs could mean that the feedforward commands are “noisy” and
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thereby imprecise or that the connections are damaged to the degree that the link between
the Speech Sound Map and the final motor commands no longer exists. Damage to the
speech motor programs is graphically depicted in panel B of Figure 3.
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Figure 3. Feedforward operations of the DIVA/GODIVA model. Panel A depicts
the feedforward control in unimpaired speakers; Panels B through D depict
feedforward control in speakers with AOS under different hypotheses. Panel B
represents the Damaged Programs Hypothesis, Panel C the Reduced Buffer
Capacity Hypothesis, and Panel D the Program Retrieval Deficit Hypothesis.
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The second hypothesis, termed the Reduced Buffer Capacity Hypothesis (also
Reduced Buffer Hypothesis), was proposed and named by Rogers and Storkel (1999).
This hypothesis argues that the speech motor planning buffer, the working space where
units at a given processing stage are prepared and temporarily stored, is reduced in its
capacity in AOS. More specifically, it suggests that speakers with AOS can only hold a
single syllable-sized motor program in the planning buffer at any given time. The reduced
buffer forces speakers with AOS to plan their utterances syllable-by-syllable and thereby
it offers a straightforward explanation for he frequently observed pauses between
syllables in apraxic speech (Duffy, 2005; Kent & Rosenbek, 1983), and reduced
coarticulatory cohesion between syllables (Ziegler & Von Cramon, 1986).
Operationalizing the Reduced Buffer Capacity Hypothesis within the
DIVA/GODIVA framework requires that the speech motor planning buffer be identified
within the framework of the model. Here I propose that the Speech Sound Map serves as
the speech motor planning buffer. The Speech Sound Map can hold the activation of
several programs simultaneously and resolve the competition between different
representations that compete for activation (Civier et al., 2013). Therefore, the Speech
Sound Map is functionally fit to serve as a temporary working space where units can be
briefly stored before moving on to the next processing stage in the speech production
hierarchy. Rogers and Storkel (1999) limit the size of the articulatory buffer to a single
speech motor program representation which means that in order to produce an utterance
that is composed of several programs, a person has to prepare and execute the first motor
program before the representation for the second motor program can be activated in the
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Speech Sound Map. The reduced buffer capacity is graphically depicted in Panel C of
Figure 3.
Finally, the third hypothesis, operationally termed here the Program Retrieval
Deficit Hypothesis (also the Program Retrieval Hypothesis) depicted in Panel D of Figure
3, has been suggested by several authors in some form and various degrees of detail
(Bohland et al., 2010; McNeil et al., 2004; Varley & Whiteside, 20012). This hypothesis
proposes that the speaker cannot retrieve the intended motor program either due to
inability to reach the selection threshold for a given program and/or inability to suppress
other programs that are competing for selection. Clinically, this hypothesis can explain
inconsistent speech errors (Bislick, McNeil, Spencer, Yorkston, & Kendall, Accepted
2017; Haley, Jacks, & Cunningham, 2013; Staiger, Finger-Berg, Aichert, & Ziegler,
2012), articulatory groping behavior and false starts, often observed in AOS: these
characteristics could result from the inability to retrieve a motor program or from
simultaneous selection of several motor programs.
Within DIVA/GODIVA framework, the Program Retrieval Deficit can be
conceptualized as either (a) difficulty reaching the threshold for individual program
representations due to inadequate connections between the phonological encoding buffer
and the speech motor program representations or (b) inability to resolve the competition
among the competing representations due to lack of differentiation between the activation

2

While the hypothesis proposed by Varley and Whiteside represents a retrieval
hypothesis by nature (i.e., it suggests that the core problem in AOS is impaired access to
syllable-sized motor programs), it is framed in a context of a different model (Levelt et
al., 1999) and is conceptually different from the Program Retrieval Deficit Hypothesis
defined here.
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levels of the competing representations in the Speech Sound Map. Panel D of Figure 3
depicts the program retrieval deficit.
The juxtaposition of the Damaged Programs Hypothesis and the Program
Retrieval Deficit Hypothesis, which is the focus in Chapter II, is akin to major debates in
other cognitive domains. For example, the storage (lost representations) versus access
difficulty (loss of access to the intact representations) has been debated for memory
impairments (e.g., Chertkow & Bub, 1990; Shallice, 1988) as well as language
impairments (e.g., Hula & McNeil, 2008).

General Approach
The goal of this sequence of studies is to examine in detail the motor planning
stage of speech production and its impairment in AOS. Furthermore, the specificity of the
motor planning impairment to AOS will be tested by contrasting individuals with AOS to
individuals with aphasia without AOS who also make speech errors but for different
reasons. These two disorders can be difficult to differentiate from one another because
aphasia often co-occurs with AOS and the clinical speech characteristics of both
disorders may look similar (e.g., in terms of error patterns; McNeil, Pratt, & Fossett,
2004). This further complicates the differential diagnosis and limits the use of traditional
off-line methods, such as error analysis, in the study of AOS. This sequence of studies
uses a novel strategy that circumvents this problem: it bridges psycholinguistic and
neuropsychological literatures by using on-line reaction time paradigms in the study of
people with neurologic impairments. These paradigms have proven valuable for
characterizing the motor planning operations in unimpaired speakers, and thus provide a
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solid, independently established foundation for investigating speech motor planning in
individuals with speech disorders. Despite the potential benefit of creating continuity
with the basic speech production literature, such approaches remain underutilized in the
study of AOS (Maas & Mailend, 2012).
The prevailing method for studying AOS is auditory perceptual error analysis of
various linguistic targets. Although much has been learned about AOS from error
analysis (e.g., access to syllable sized motor programs in AOS; Aichert & Ziegler, 2004)
there are several well-acknowledged shortcomings to this methodology. These include (a)
categorical perception that biases listeners to perceive phonemic substitutions rather than
distortions, (b) limited number of errors in mild cases and in control groups, which leads
to ceiling effects and limits the potential for direct comparisons between groups within
the same paradigm, and (c) difficulty assigning errors to processing stages given that
error analysis focuses on the final product rather than speech motor planning processes as
they unfold (see Maas & Mailend, 2012, for discussion). One alternative to perceptual
error analysis are reaction time (RT) paradigms, where the primary dependent variable
(RT) is the time interval between onset of the stimulus to onset of the verbal response.
RT paradigms can overcome many of the shortcomings of perceptual error analysis. Most
importantly, this method permits the on-line manipulation of the stages that occur prior to
speech execution by evaluating the same utterance under different motor planning
conditions and measuring the planning time. In addition, RT methods provide continuity
with the independent literature on speech motor planning in unimpaired speakers, and as
such RT methods can serve as a cross-validation point for interpretation of observed
effects.
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Specific Aims
The studies that comprise this dissertation address the following specific aims:
Aim 1: To specify the nature of the speech motor planning impairment in AOS.
1) The Damaged Programs Hypothesis maintains that the impairment in AOS is a
consequence of impoverished speech motor programs – representations that
encode the movement patterns that correspond to a linguistic representation of
speech (Aichert & Ziegler, 2004; Maas, Mailend, & Guenther, 2015).
2) The Reduced Buffer Capacity Hypothesis argues that the neurological damage
impairs the capacity of the speech motor planning buffer such that it can only
hold a single syllable at any given time (Rogers & Storkel, 1999).
3) The Program Retrieval Deficit Hypothesis states that the neurological damage in
AOS impairs the retrieval of the intended motor program from the speech motor
planning buffer, when more than one program resides in the buffer (Mailend &
Maas, 2013).
These hypotheses make different predictions for the reaction time patterns in the
combined results of the three experiments.
Aim 2: To test the specificity of a speech motor planning impairment in speakers
with AOS. Based on the assumption that the speech motor planning mechanism is intact
in aphasia and on preliminary findings from prior studies (e.g., Deger & Ziegler, 2002;
Rogers & Storkel, 1999), we predict that speakers with aphasia without AOS may make
more errors compared to unimpaired control speakers, since they do have a language
impairment, but their reaction time patterns will resemble those of unimpaired speakers.
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The findings from these experiments will provide foundational scientific
information for clinical research: a) developing theoretically sound diagnostic tools with
strong diagnostic accuracy and psychometric properties, (b) designing targeted and
effective treatment protocols, (c) determining the appropriate candidates for these
treatment programs, and (d) evaluating progress in therapy (e.g., Ballard & Robin, 2002;
McNeil, Doyle, & Wambaugh, 2000; Wambaugh, Martinez, McNeil, & Rogers, 1999).
These clinical advancements are the ultimate long-term goals of this research program.

A Note on the Format of the Dissertation
This dissertation research is presented in a series of three studies that
systematically investigate the nature of the speech motor planning impairment in apraxia
of speech and aphasia; each study is formatted as an article manuscript in Chapters II to
IV and include an abstract, a full description of the rationale and theoretical background,
methods, results and a discussion of the findings. General discussion and conclusions as
well as future directions are presented in the final chapter, Chapter V.
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CHAPTER II
SPEECH MOTOR PROGRAMMING IN APRAXIA OF SPEECH: EVIDENCE FROM
A DELAYED PICTURE-WORD INTERFERENCE TASK

- Published manuscript –
Mailend, M.-L., & Maas, E. (2013). Speech motor programming in apraxia of speech:
Evidence from a delayed picture-word interference task. American Journal of SpeechLanguage Pathology, 22(2), S380–S396. https://doi.org/10.1044/1058-0360(2013/120101)
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Abstract
Purpose: Apraxia of Speech (AOS) is considered a speech motor programming
impairment but the specific nature of the impairment remains a matter of debate. This
study investigated two hypotheses about the underlying impairment in AOS framed
within the DIVA model. The Retrieval Hypothesis states that access to motor programs is
impaired, and the Damaged Programs Hypothesis states that motor programs are
damaged.
Method: The experiment used a delayed picture-word interference paradigm in which
participants prepare their response, and auditory distracters are presented with the gosignal. The overlap between target and distracter words was manipulated (shared sounds
or no shared sounds) and reaction times (RT) were measured. Participants included five
speakers with AOS (four with concomitant aphasia), two speakers with aphasia without
AOS, and nine age-matched control speakers.
Results: Control speakers showed no effects of distracter type or presence. Speakers with
AOS had longer RT in distracter conditions compared to the no-distracter condition.
Speakers with aphasia without AOS were comparable to the control group in overall RT
and RT pattern.
Conclusions: Results provide preliminary support for the Retrieval Hypothesis,
suggesting that access to motor programs may be impaired in AOS, but cannot rule out
that motor programs may also be damaged.
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Most widely recognized definitions of apraxia of speech (AOS) describe this
motor speech disorder as a deficit in programming3 of speech movements (Duffy, 2005;
McNeil, Robin, & Schmidt, 1997). The exact underlying mechanism of the impairment,
however, remains a matter of debate. The purpose of the current study was to further
investigate the impairment of speech motor programming in AOS. To this end, we
generated two hypotheses about the impairment within a current model of speech motor
programming, and tested these hypotheses with a picture-word interference task.
Underlying nature of AOS
The study of AOS has developed in parallel with modern models of speech
production (Ziegler, 2002). One of the most influential models in this respect has been
the Nijmegen model (Levelt, Roelofs, & Meyer, 1999), which has facilitated
development of several accounts of the speech motor programming impairment in AOS.
Speech production within this model progresses through distinct stages beginning with a
semantic stage, during which the speaker retrieves conceptual and grammatical
information about the word. In the next stage, termed phonological planning, phonemes
are activated in parallel with the metrical frame of the phonological word and assembled
in a processing buffer. The final stage is speech motor programming, which can
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For the sake of readability, we use the term speech motor programming here as a theoryneutral label for the overall process that transforms a linguistic representation into
kinematic patterns that, when executed, will generate the acoustic speech signal (cf.
Maas, Robin, Wright, & Ballard, 2008; Spencer & Rogers, 2005). While there appears to
be general agreement that AOS reflects an impairment in this overall process, it should be
noted that different authors use different terms and/or focus on different aspects of this
multifaceted process (e.g., premotor encoding , Rogers & Storkel, 1999; accessing
movement gestalts, Varley & Whiteside, 2001; phonetic encoding, Ziegler, 2009; speech
motor planning vs. programming, van der Merwe, 1997). Because our focus is on the
DIVA model rather than on the distinction between planning and programming, our use
of the term programming does not imply a contrast with planning.
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only begin once a phonological word is completely assembled in the buffer (e.g., Roelofs,
1997).
In the Nijmegen model, the syllable is the primary unit of speech motor
programming, with motor programs for frequently occurring syllables retrieved from a
mental syllabary, and motor programs for infrequent syllables generated from segments.
Motor programs are viewed as a specification of a series of articulatory goals associated
with the target sound(s) (Levelt et al., 1999). The output of speech motor programming is
forwarded to an articulatory network responsible for executing the speech (outside the
scope of the Nijmegen model; Levelt et al., 1999, p. 2).
In the context of this model, Whiteside and Varley (1998; Varley & Whiteside,
2001) proposed a Dual Route hypothesis to explain the impairment in AOS. According to
this hypothesis, people with AOS have lost access to the mental syllabary (or larger
movement gestalts; Varley & Whiteside, 2001) and have to compose every utterance
from smaller units (e.g., individual segments). Aichert and Ziegler (2004) challenged this
view by showing that the error rate of speakers with AOS decreases as the frequency of
the syllable increases and that fewer errors are made when a consonant cluster straddles
the syllable boundary than when the cluster resides within the syllable. If speakers with
AOS have no access to the syllable-sized motor programs and they assemble every
utterance from individual segments, then syllable properties such as syllable frequency
and structure should not play a role in the speech output. Aichert and Ziegler concluded
that speakers with AOS do have access to the mental syllabary and suggested instead that
the programs stored within the syllabary are damaged. Ziegler has further developed the
idea that speech motor programs may vary in size and have a complex hierarchical
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structure, and that some aspects of motor programs (e.g., onset-rime combinations) are
more susceptible to damage than others (e.g., syllable rimes; Ziegler, 2009).
In summary, different views exist on what constitutes the underlying nature of the
speech motor programming problem in AOS. Previous accounts of AOS are based on
models that are not sufficiently detailed about the speech motor programming stage
(Ziegler, 2002). The hypotheses in the present study are framed in a detailed model of
speech motor programming (see below). Additionally, most previous studies used off-line
perceptual measures rather than tasks and measures that assess speech motor
programming more directly, such as behavioral chronometric (reaction time) measures
and neuroimaging methods with high temporal resolution (event related potentials,
magnetoencephalography) (see Maas & Mailend, 2012, for further discussion). In this
study, we supplement error analysis with reaction times from a task in which we
experimentally influence aspects of speech motor programming as it unfolds.
Speech motor programming in the DIVA model
The present study was based on the Directions Into Velocities of Articulators
(DIVA) model (Guenther, Ghosh, & Tourville, 2006). According to this model, speech
motor programming occurs primarily in the acoustic domain. The process begins with the
activation of a representation in the speech sound map (SSM), which can be activated
during production or by perception of a speech sound. The SSM representation, in turn,
activates both its auditory target region (i.e., the expected feedback for the target motor
program) and the feedforward commands that constitute previously learned motor
routines for particular speech sounds (“motor programs”; Guenther et al., 2006). If the
actual auditory feedback does not match the expected auditory target region for the
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intended speech sound then an auditory error map is activated, which adds corrective
motor commands to the overall motor command. If the feedback overlaps with the
auditory target regions, the error map is actively inhibited. The SSM has been linked to
the mental syllabary from the Nijmegen model, and the feedforward commands to motor
programs (Guenther et al., 2006, p. 283). The size of a motor program can range from
phonemes to syllables to words and phrases, depending on the frequency of use of a
given string of speech sounds (Guenther et al., 2006). An important assumption in the
DIVA model is that hearing a speech sound can activate the corresponding SSM
representation(s) (Guenther et al., 2006; cf. also Hickok, Houde, & Rong, 2011; Wilson
& Iacoboni, 2006) and can therefore interfere with speech motor programming. This
premise is the cornerstone of the current experiment, in which we manipulate the phase
immediately preceding execution of speech movements by playing an auditory distracter
word.
The present study
The current investigation examines two hypotheses framed within the DIVA
model to further specify the speech motor programming impairment in AOS using a
delayed picture word interference task. Previous research has shown that auditory
distracters can influence picture naming reaction times (RT) in an immediate naming
task; in particular, speakers are faster in naming a picture when there is phonological
overlap between the picture name and the distracter than when there is no such overlap
(e.g., Schriefers, Meyer, & Levelt, 1990). This effect is termed the phonological priming
effect, because the distracters in the immediate naming task are thought to influence the
phonological planning stage. Since the focus of the current experiment was the speech
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motor programming stage, we used a delayed version of the picture-word interference
task to minimize influences of earlier processes (e.g., object recognition, word retrieval,
phonological planning; cf. Bohland & Guenther, 2006; Laganaro & Alario, 2006; Maas
& Mailend, 2012; Sternberg, Monsell, Knoll, & Wright, 1978).
In our use of a delayed naming task, we assume that phonological planning has
been completed. Most models that can account for performance in a delayed naming task
assume that speakers can buffer a representation before production, although it is not
always clear what type of representation is buffered (e.g., Deger & Ziegler, 2002;
Laganaro & Alario, 2006; Sternberg et al., 1978). For example, buffered representations
may be phonological plans or motor programs (see Deger & Ziegler, 2002; Laganaro &
Alario, 2006; Rogers & Storkel, 1999; Sternberg et al., 1978, for further discussion).
While some aspects of speech motor programming may be completed prior to or during
the delay interval (Klapp, 2003; Maas et al., 2008), most accounts agree that delayed
naming RT reflects primarily the motor programming operations of buffer scanning and
activation of motor programs (Deger & Ziegler, 2002; Klapp, 2003; Laganaro & Alario,
2006; Sternberg et al., 1978).
A recent expansion of the DIVA model, called the GODIVA model (Bohland,
Bullock, & Guenther, 2010; Bohland & Guenther, 2006), assumes that SSM
representations are activated from dual, parallel phonological representations, namely a
structural frame of syllable slots (in the pre-supplemental motor area) and a sequence of
phonemes (in or around the left inferior frontal sulcus). In the GODIVA model, a
plausible assumption is that speakers buffer these dual phonological representations, and
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activate corresponding SSM representation(s)4 after the go-signal in the delayed naming
task. Alternatively, it is possible that speakers buffer SSM representations, in which case
the go-signal would trigger the activation of the feedforward commands associated with
the buffered SSM representation(s). For the purpose of our study, what is relevant is that
in both options, presentation of an auditory distracter is assumed to directly activate SSM
representation(s) that will interfere either with selection of the target SSM
representation(s) from the phonological buffer, or with activation of feedforward
commands from the SSM.
Two specific hypotheses were tested in this study. The Program Retrieval Deficit
Hypothesis states that the underlying impairment in AOS is activating or retrieving motor
programs, or in the terms of the DIVA model, there is difficulty activating or selecting
the intended SSM representation (see Bohland et al., 2010, for similar ideas). The
Retrieval Hypothesis predicts more speech errors and longer RT in trials where a
distracter is presented (compared to silence) because the distracter will activate a
competing, incorrect SSM representation, thus further complicating the problematic
process of activating or retrieving the intended motor program. In contrast, the Damaged
Programs Hypothesis states that the problem is damage to the speech programs
themselves, i.e. damage to the feedforward commands from the SSM (cf. Bohland et al.,
2010). This hypothesis predicts that distracters (regardless of their type) should have no

4

We remain agnostic as to whether the SSM representations are syllable-sized or some
other size in a given speaker. Regardless, the assumption is that SSM representations can
be activated from auditory input, and that such SSM representations may hinder retrieval.
Targets and stimuli in this study were all monosyllabic CVC words controlled for
numerous relevant factors (see Methods), and comparisons were based on productions of
the same target words.
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effect on error rate or RT, because the feedforward commands are damaged regardless of
whether other SSM representations are also activated. Both hypotheses are
neuroanatomically plausible considering that left posterior inferior frontal gyrus is the
lesion location often associated with AOS (Hillis et al. 2004; Richardson, Fillmore,
Rorden, LaPointe, & Fridriksson, 2012) and that this is also the region associated with
the SSM in the DIVA model (Guenther et al., 2006).
In addition to the distracter versus no-distracter conditions, the phonological
overlap between the distracters and targets were manipulated as an initial step to explore
the assumption that the SSM is organized in terms of similarity (Bohland et al., 2010). If
representations in the SSM are organized by similarity, then one might expect greater
interference with greater similarity (e.g., because the incorrect SSM representations
receive partial reinforcement from the phonological planning level and are thus stronger
competitors for the target SSM representation).
Methods
Participants
Participants included one speaker with AOS without aphasia, four speakers with
AOS and aphasia, two speakers with aphasia without AOS, and a group of nine agematched control speakers without neurological impairment (see Table 1). All were
monolingual native English speakers except for participant AOS 202 and one control
participant, who were bilingual in Spanish and English. All participants passed a hearing
screening at 45 dB in at least one ear at octave frequencies from .5 to 4 kHz. Six
additional patients were initially recruited for the study but were excluded from analysis
(two speakers with AOS were excluded because of a large number of responses that did
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not allow reliable measures; one with aphasia suffered a second stroke before testing was
completed; two with aphasia could not finish the experiment due to severe word finding
difficulties and many errors; one control participant was excluded because her reaction
times were more than 2.5 times the group mean).
Initial diagnosis of AOS was made by a clinical researcher with approximately 10
years of experience in the diagnosis of AOS (second author), based on presence of
features listed by Wambaugh, Duffy, McNeil, Robin, and Rogers (2006; McNeil et al.,
1997): slow, effortful speech, predominance of speech sound distortions (spatial and
temporal errors) and distorted substitutions, relatively consistent error type and location
of segmental errors (including distortions, distorted substitutions, substitutions,
omissions, additions), dysprosody (excess and equal stress), and syllable segregation on
multisyllabic words. Following Wambaugh et al. (2006), normal speech rate and normal
prosody were considered exclusionary criteria. These features were assessed on the basis
of a variety of speaking tasks, including both constrained naming and repetition tasks
from standardized tests (e.g., Apraxia Battery for Adults, 2nd Edition; ABA-2, Dabul,
2000) and conversational speech samples. Following Haley, Jacks, de Riesthal, AbouKhalil, & Roth (2012), presence of AOS was rated on a 3-point scale (1 = no AOS, 2 =
possible AOS, 3 = AOS). While the initial diagnoses confirmed the referral diagnosis
when available, to strengthen the validity of our conclusions, two certified and licensed
SLPs who were experienced in diagnosis of motor speech disorders also provided
diagnoses on the same rating scale, based on listening to audio recordings of the ABA-2
(and WAB when available), and viewing video recordings of oral mechanism exams.
Consistent with Haley et al. (2012), we did not reach unanimous agreement among raters
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LH-CVA
n/a

LH-CVA
B; I; PreC

LH-CVA
FP

AOS
202
60
M
R
15
SE
pass
2;3
LH-CVA
n/a

205
59
F
R
13
AE
pass
5;1
LH&RH CVA
PTL; PL; IOL

206
72
M
R
16
AE
pass
7;6

301
68
M
R
15
BE
pass
7;10

304
64
F
R
15
AE
pass
2;10

Aphasia

Control
(N=9)
66 (4)
3F, 6M
8R, 1L
19 (2)
8 AE; 1 SE
pass

LH-CVA
LH CVA
B; FT;
TL;OL;PFL
PL
Aphasia Type2
WNL
Anomic
Conduction
Anomic
Wernicke
Wernicke Conduction
WAB AQ2
94.2/100
93.2/100
65.4/100
82.1/100
69.3/100
74.9/100
2-3/52
3
AOS severity
mild-mod.
mild
mod.-sev.
mild-mod.
mild
none
none
AOS rating4
2.7
3.0
3.0
2.3
2.0
1.0
1.3
5
Dysarthria
none
mild
mod.-sev.
mild
mild
none
none
Oral apraxia3
mild
mild
mild
none
mod.
mild
none
Limb apraxia3
none
mild
none
none
mod.
none
none
AE = American English; SE = Spanish-English bilingual; BE = British English; LH = Left hemisphere; RH = Right hemisphere; CVA = cerebrovascular accident; n/a = not available; B = Broca’s area; I = Insula; PreC = Precentral gyrus; FP = Frontoparietal; PL = Parietal; FT = Frontotemporal; PTL = Posterior & middle Temporal lobe; IOL = Inferior Occipital; TL = Temporal; PFL= Posterior Frontal; OL = Occipital.
1
Pure tone hearing screening at 500, 1000, 2000, and 4000 Hz; pass at 45 dB level for better ear.
2
Based on WAB-R (Kertesz, 2006), except for APH 304 (based on BDAE-3; Goodglass et al., 2000)
3
Based on ABA-2 (Dabul, 2000)
4
Mean rating across three diagnosticians (1 = no AOS, 2 = possible AOS, 3 = AOS).
5
Dysarthrias were diagnosed perceptually based on a motor speech exam (Duffy, 2005) and were all of the unilateral upper motor neuron

Age
Sex
Hand
Education
Language
Hearing1
Time post
(y;m)
Etiology
Lesion

201
68
M
R
22
AE
pass
6;9

200
58
M
R
12
AE
pass
4;6

Table 1. Participant information.
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regarding all seven participants. Unanimous agreement across all three raters was reached for
three out of seven participants (43% overall; 43%, 57%, and 71% for the three pairs); agreement
within one point on the scale was reached for five out of seven participants (71% overall; 71%,
86%, and 100% for the three pairs). For the purpose of our study, we operationally classified
participants as having AOS if the mean rating was ≥ 2.0. For completeness’ sake, we provide the
mean rating across all three raters in Table 1.
Aphasia diagnosis was based on a standardized test (Western Aphasia Battery, Revised;
Kertesz, 2006; or Boston Diagnostic Aphasia Examination, 3rd Edition; Goodglass, Kaplan, &
Barresi, 2001). An oral mechanism and motor speech examination (Duffy, 2005) was
administered to assess neuromuscular integrity and presence of dysarthria. All participants gave
informed consent to participate and the Institutional Review Board of the University of Arizona
approved all study procedures. Participants received $10 per hour for taking part in the study.
AOS Participants. Participant AOS 200 was a 58-year-old right-handed man who
suffered a left-hemisphere stroke in the middle cerebral artery territory four and a half years
before the study. MRI scans indicated a lesion involving Broca’s area, anterior insula and
prefrontal gyrus. AOS was his primary communication impairment and was judged to be mild to
moderate in severity. His speech was slow, segmented, and effortful, and characterized by
dysprosody, frequent pauses and restarts and relatively consistent location and type of error
(distortions, substitutions, and distorted substitutions), Consonant clusters were especially
challenging for him. His language, however, was relatively intact except for occasional wordfinding difficulties. This impression was confirmed by his performance on the WAB-R (Kertesz,
2006: AQ=94.2; within normal limits). Performance on the ABA-2 (Dabul, 2000) revealed a
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mild oral apraxia but no evidence of limb apraxia. He also displayed a mildly breathy voice but
no other signs of dysarthria. He also had minor weakness in his right arm.
Participant AOS 201 was a 68-year-old right-handed man who suffered a left-hemisphere
stroke in the middle cerebral artery territory more than six years before the study. He also
reported a concussion six years before his stroke with no lasting consequences. No lesion
information was available. He had a Masters degree, finished several years of a doctoral program
and was employed as a computer/IT specialist prior to his stroke. His AOS was judged to be
relatively mild, and was characterized mainly by slow, segmented speech, dysprosody, and
sound distortions, especially on longer words. Fricatives and affricates were particularly difficult,
and his errors (mainly distortions but also substitutions) were relatively consistent in type and
location within the utterance. His performance on the ABA-2 (Dabul, 2000) indicated a mild
limb apraxia and a mild oral apraxia. An oral mechanism exam (Duffy, 2005) revealed mild
right-sided weakness of the lips which affected his speech. He also exhibited mild weakness in
his right arm. The WAB-R revealed a very mild anomic aphasia (AQ=93.2), characterized by
occasional word-finding difficulties and some problems with comprehension of sequential
commands.
Participant AOS 202 was a 60-year-old man who was a little more than two years post
onset of a left-hemisphere stroke in the territory of the middle cerebral artery. MRI scans
revealed a lesion in the insular cortex and portions of posterior frontal and parietal lobes. He was
bilingual in Spanish and English, had a Bachelors degree, and held a technical maintenance
position in a large corporation before the stroke. His WAB-R (Kertesz, 2006) score indicated a
conduction aphasia (AQ=65.4), with the greatest difficulties in repetition and naming. His AOS
was judged to be moderate to severe and was characterized by slow and segmented speech,
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disprosody, and numerous sound distortions (mostly consonants but also vowels) that were
relatively consistent in location. He also exhibited frequent restarts, unsuccessful self-corrections
and articulatory groping, and intermittent hypernasality. The results from ABA-2 (Dabul, 2000)
further revealed a mild oral apraxia but no evidence of limb apraxia. An oral mechanism exam
revealed a moderate right-sided facial weakness (especially lips and tongue) which affected his
speech (imprecise consonants), consistent with a unilateral upper motor neuron dysarthria that
was judged to be moderate to severe, although it should be noted that the judgment of severity of
dysarthria is difficult to separate from the severity of AOS. He used a cane for walking due to
right-sided hemiparesis.
Participant AOS 205 was a 59-year-old woman who suffered a stroke in the left middle
cerebral artery territory five years before the study. No information about her lesion was
available. She completed high school and was employed as a dental office assistant prior to her
stroke. Her AOS was judged to be mild to moderate and was characterized by slow, effortful and
segmented speech, dysprosody, occasional voicing errors, and consonant and vowel distortions
that were relatively consistent in location. She further demonstrated attempts at self-correction
and occasional articulatory groping behaviors. Her language abilities fell into the category of
anomic aphasia (AQ=82.1) on the WAB-R (Kertesz, 2006), with some problems in word-finding
and with sequential commands. Her sentences were generally short but grammatically correct.
Her performance on the ABA-2 (Dabul, 2000) indicated no evidence of limb or oral apraxia. An
oral mechanism exam (Duffy, 2005) revealed mild rightsided facial weakness which might have
contributed to imprecision on some sounds (i.e. mild unilateral upper motor neuron dysarthria).
She also had a significant hemiparesis in her right arm.
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Participant AOS 206 was a 72-year-old man who had a stroke at the age of 65 in the left
middle cerebral artery territory and a small stroke in the right hemisphere. MRI scans revealed a
relatively large perisylvian lesion extending to the middle parts of medial temporal gyrus
anteriorly and inferiorly and to inferior parietal lobule and the occipital lobe dorsally and
posteriorly. He had a Bachelor’s degree and was a photo journalist and a private pilot instructor
before his stroke. His AOS was judged to be relatively mild, and was characterized mainly by
occasional syllable segregation and effortful struggle on multisyllabic words and occasional
speech sound distortions on vowels and consonants (especially fricatives and affricates) that
were relatively consistent in location. His speech was slower than normal but included more
fluent stretches of speech than the other participants with AOS. He also displayed selfcorrections and occasional articulatory groping behaviors, occasional hypernasality and voicing
errors, and an automatic-volitional discrepancy in terms of distortion errors (counting forwards
vs. backwards). His performance WAB-R (Kertesz, 2006) indicated a moderate aphasia
(AQ=69.3), classified as Wernicke’s aphasia, though his speech was neither paragrammatic nor
normally fluent. An oral mechanism and motor speech examination (Duffy, 2005) revealed a
slight rightsided weakness of the lips, equivocal asymmetry of the jaw on opening, and a breathy
voice quality, suggesting a possible mild dysarthria. He reported weakness in the right arm and
leg but did not use a cane.
Participants with aphasia without AOS. Participant APH 301 was a 68-year-old righthanded man who was seven years post onset of a stroke in the left middle cerebral artery
territory. MRI scans indicated a large lesion extending well into the frontal lobe anteriorly
covering Broca’s area, extending beyond the central sulcus into the parietal lobe, and to anterior
and middle parts of the temporal lobe. Formal testing with the WAB-R (Kertesz, 2006) revealed
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a moderate Wernicke’s aphasia (AQ=74.9) characterized by frequent word-finding difficulties,
semantic paraphasias, and empty words in the context of fluent speech with good grammatical
organization, and difficulties with comprehension of sequential commands. He also produced
phonological paraphasias (substitutions, additions, and omissions) with attempts to self-correct,
but no distortions or initiation difficulties were noted. Performance on the ABA-2 (Dabul, 2000)
indicated a mild oral apraxia but no limb apraxia. An oral mechanism exam (Duffy, 2005)
revealed some minor rightsided facial weakness but there were no perceptible effects on speech.
Participant APH 304 was a 64-year-old woman who had a left hemisphere stroke in the
middle cerebral artery territory almost three years before the study. She had several years of
college education and she worked as a counselor with children and teenagers before her stroke.
Her speech was fluent but relatively empty, marked by occasional word-finding problems and
semantic and phonologic paraphasias. No sound distortions were noted. Results from the BDAE
(Goodglass et al., 2001) indicated a conduction aphasia with a severity rating of 2-3. She had no
limb or oral apraxia as evidenced by her performance on the ABA-2 (Dabul, 2000), and an oralmotor speech exam (Duffy, 2005) revealed no signs of neuromuscular impairments.
Task and procedures
To tap into the speech motor programming stage, we used a delayed naming task in
which we manipulated the phase immediately preceding speech onset by occasionally playing a
distracter word over headphones (Sennheiser HD Pro 280). This task combined the picture-word
interference paradigm and modified self-select paradigm (cf. Maas et al., 2008). A schematic of
the timeline of a trial is presented in Figure 15. After presentation of an asterisk for 500 ms, a
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This experiment was part of a larger study that also included a condition in which the
distracters appeared simultaneously with the response onset. That condition was conducted in a
separate session.
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colored line-drawn picture was presented in the center of the screen. Participants prepared to
name the picture, and indicated their readiness to respond by pressing the space bar. Object
recognition, word retrieval, and phonological planning were presumed to be completed within
this interval (see above; cf. Laganaro & Alario, 2006; Mulatti & Coltheart, 2012). Pressing the
space bar initiated a delay interval during which a red traffic light replaced the picture to be
named on the screen. Participants were instructed to wait (hold on to their response in the buffer)
until the traffic light turned green (the go-signal) and then produce the picture’s name (activate
the feedforward commands). Simultaneous with the go-signal, sometimes a distracter word was
presented over headphones, which participants were told to ignore. To avoid anticipation of the
go-signal, the duration of the delay interval was varied randomly from 800 to 1600 ms. The
preparation interval was included to reduce confounds due to difficulties at preceding stages

Figure 1. Timeline of the modified self-select picture naming paradigm. Study Time
includes processes such as object recognition, lexical retrieval, phonological
planning, and loading the response into a buffer. The delay involves maintaining the
response in the buffer. The RT interval includes the selection and/or retrieval of the
prepared response.

(e.g., word-finding). Presentation of stimuli and data collection was controlled by E-prime
software (v.2; Psychology Software Tools, Inc.) running on a Dell Inspiron desktop computer.
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The experiment consisted of 14 blocks (12 experimental blocks plus 2 blocks without any
distracters). The first block without distracters served as a practice block to familiarize the
participants with the experimental task and as a first introduction to the stimuli. All participants
included in this study understood the task within a few first trials of the practice block and the
experiment started only when the participant named all the pictures with the intended word (e.g.
rose not flower) without help. Each experimental block consisted of 12 trials (three trials in each
of four conditions) presented in a random order. Participants were told before the experiment
started that they would hear a distracter on some but not all trials. Responses that were judged
incorrect by the experimenter as well as responses that preceded the go-signal were rerun at the
end of each block (cf. Maas et al., 2008). Participants were tested individually in a quiet room in
a single experimental session typically lasting 30-60 minutes. Additional sessions were
scheduled with patients for diagnostic testing within a week before or after the experiment.
Materials
Experimental targets were six monosyllabic nouns with a CVC structure (e.g. bed),
elicited by line-drawn color pictures. Six filler targets of the same structure were included (see
Table 2) to minimize the possibility that participants would pay attention to the relationship
between the target and the distracter. Distracter words for experimental targets were of three
different categories and formed the basis of the different conditions in this experiment. The first
condition was Consonant-Vowel (CV) overlap, in which the target and the distracter shared the
first two segments (e.g., bed and bell). In the second condition, Consonant (C) overlap, the first
segment of the target and distracter were the same (e.g., bed and bill), and in the third condition,
termed Unrelated, there was no overlap between the target and the distracter words (e.g., bed and
car). In the fourth condition (Baseline), no distracter was presented. Distracters for filler items
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were all unrelated in form to the targets. Distracters for experimental targets were matched
between conditions on a range of psycholinguistic variables, including word length in phonemes
and syllables, spoken word frequency (based on databases including CELEX [Baayen,
Piepenbrock, & Gulikers, 1995] and SUBTLEXUS [Brysbaert & New, 2009]), syllable frequency
(from CELEX; Baayen et al., 1995), neighborhood density and neighbor frequency (based on the
Hoosier Mental Lexicon [Nusbaum, Pisoni, & Davis, 1984]; data retrieved from Dr. Mitchell
Sommers’ website at http://neighborhoodsearch.wustl.edu/neighborhood/Home.asp) , and
phonotactic probability (based on the Hoosier Mental Lexicon [Nusbaum et al., 1984] on-line
calculator; Storkel & Hoover, 2010). See Appendix A for an overview of these properties.
Participants heard distracter words in their own voice, to maximize the possibility for
interference between distracter and programmed utterance. These recordings were elicited in a
previous session via visual presentation in a format similar to the experiment (e.g., on the same
computer screen, with red and green traffic lights), and repetition or sentence completion as
necessary to elicit a correct production. All productions were perceptually correct, except for
AOS 202, for whom a few minor distortions were present in his best productions (perhaps due to
his comorbid dysarthria). Distracters were spliced into separate sound files, and initial
consonants were shortened to maximize temporal overlap of vowels for a separate experiment
(see footnote 3); in all cases, the initial consonant was still clearly identifiable.
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Table 2. Targets and distracters used in the experiment.
Target
Distracters
Experimental items CV overlap C overlap
Unrelated
bed
bell
bill
fish
net
neck
nick
car
leg
lead
lid
sign
pen
pet
pit
coat
web
well
will
phone
ten
tell
till
life
Filler items
cup
dog
rose
mouse
hat
sun

Distracter 1
wall
ham
bird
teeth
nose
rake

Distracter 2
whale
hole
ball
tape
nail
rice

Distracter 3
rain
peace
sheep
gun
moon
jar

Design and Analyses
Target and filler words appeared once in randomized order within each block. The four
conditions were counterbalanced across four blocks. The order of blocks was counterbalanced
across participants, and each set of four blocks was repeated three times. Dependent variables
were mean reaction time (RT) of correct responses and error rate. RT was defined as the interval
between the go-signal and the onset of the speech signal, and was measured from the acoustic
record using TF32 (Milenkovic, 2000). A randomly selected 10% of the data was double-scored
for intra-rater reliability and another 10% for inter-rater reliability. Both intra- and interrater
reliability were high (intra-rater reliability: r= .999, mean absolute difference: 2.1 ms; inter-rater
reliability: r= .998, mean absolute difference = 6.1 ms). Overall error rate was separated into two
main error types, each divided into two subtypes: (1a) word intrusions: speaker produces the
distracter instead of the target (e.g., distracter sign for target leg); (1b) sound intrusions: speaker
produces part of the distracter (e.g., seg or sleg for target leg with distracter sign); (2a) non-
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contextual sound errors: speaker substitutes, adds or self-corrects sounds that are not present in
the distracter; and (2b) other errors: distortions6, omissions, prolongations, perseverations, selfcorrections, hesitations, semantic paraphasias, stereotypical responses, and failures to respond.
RT data for the control group and AOS group were analyzed with separate 3 (Set) x 4
(Condition) repeated measures ANOVAs by participants and by items, with follow up Tukey
tests to identify significant differences between conditions. Effects were considered significant
only when both the by-participants and the by-items analyses are significant. Further, RT data of
individual patients (AOS and APH) were compared to the control group data using Crawford and
Garthwaite’s (2007) Bayesian methods for comparing a patient and controls for differences for
single conditions as well as for comparing the magnitude of differences between conditions.
Alpha was set at p<.05 for all statistical comparisons; however, we also report trends (p<.10).
The predictions were the following. For the control group, we expected to see no
differences in RT or error rate whether a related or unrelated distracter was present because
phonological planning is presumably completed by the time the distracter is presented. However,
it is possible that the distracter slows speakers down because an incorrect SSM representation is
briefly activated. Predictions for the speakers with aphasia without AOS were the same as for
control speakers (i.e. no effect of distracters on RT or error rate), because speech motor
programming was presumably intact. Regarding AOS, the Retrieval Hypothesis predicts longer
RT and more errors in distracter trials compared to silence in the AOS group, because distracters
will create additional noise by activating incorrect SSM representation(s), thus further

6

Distortions and omissions are categorized under other errors to enable a comparison between
contextual and noncontextual sound errors; only perceived substitutions were included for the
contextual errors, because these would represent less ambiguous evidence for intrusions. Hence,
for comparability, the noncontextual sound error category also excluded perceived distortions.
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complicating access to the target motor program(s). In contrast, the Damaged Programs
Hypothesis predicts that the effect of the distracters on RT will be comparable between speakers
with AOS and the control group. If access to (damaged) motor programs is unimpaired, then
distracters should not affect RT or error rate any more than in controls because the feedforward
commands are damaged regardless of whether competing SSM representation(s) are activated.
Results
Errors. Speakers from the control group made few if any mistakes (CON: 0.68%) and
will not be discussed further. Interestingly, no clear error pattern was observed for either the
speakers in the AOS group or for the speakers with aphasia (Figure 2). Participant AOS 200
made few errors, most of them in the Unrelated and CV-overlap conditions and the errors
included whole-word intrusions but no sound intrusions. Participant AOS 201 made few
intrusion errors (mostly sound intrusions). Participant AOS 202 made several intrusion errors in
the C- and CV-overlap conditions, most of which were whole-word intrusions; his overall error
rate was lowest in the baseline condition and increased as the overlap between the distracter and
the target increased. Participant AOS 205 made no errors in the Baseline condition and most
errors in the CV-overlap condition, but most intrusion errors occurred in the Unrelated condition.
Finally, the last participant in the AOS group, participant AOS 206 made hardly any errors, but
most of the errors he made were semantic errors where he replaced the word leg with the word
knee. Of the participants with aphasia, participant APH 301 made a large number of errors, most
of them semantic in nature (e.g., spider instead of web). Participant APH 304 made only a single
error in the experiment.
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Figure 2. Percent of errors by type: control group and individual patients.
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errors included whole-word intrusions but no sound intrusions. Participant AOS 201 made few
intrusion errors (mostly sound intrusions). Participant AOS 202 made several intrusion errors in
the C- and CV-overlap conditions, most of which were whole-word intrusions; his overall error
rate was lowest in the baseline condition and increased as the overlap between the distracter and
the target increased. Participant AOS 205 made no errors in the Baseline condition and most
errors in the CV-overlap condition, but most intrusion errors occurred in the Unrelated condition.
Finally, the last participant in the AOS group, participant AOS 206 made hardly any errors, but
most of the errors he made were semantic errors where he replaced the word leg with the word
knee. Of the participants with aphasia, participant APH 301 made a large number of errors, most
of them semantic in nature (e.g., spider instead of web). Participant APH 304 made only a single
error in the experiment.
Reaction Times. Mean RTs are depicted in Figure 3. RT analyses were based on correct
productions only; all participants had at least 2/6 data points per set and per condition available.
Absolute RT values of less than 100 ms or more than 2500 ms were considered outliers and
removed from the analyses. In addition, data points that were more than 3.5 standard deviations
from a participant’s overall mean were replaced with the overall mean of the remaining items.
The control group analysis revealed no significant main effects (Set: F1[2,16]=1.53, p=.25,
F2[2,10]=11.49. p<.01; Condition: F1[3,24]=1.05, p=.39, F2[3,15]=4.14, p=0.03), nor was there
a Set by Condition interaction (F1[6,54]=0.92, p=.49, F2[6,30]=1.24, p=.32).
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Figure 3. Reaction time means by conditions: control group and individual patients.
Error bars indicate standard errors and asterisks mark a significant difference in
comparison to the control group within the condition.

47

48
In contrast, the analysis of the AOS group did show a significant main effect of condition
(F1[3,12]=5.97, p<.001, F2[3,15]=5.97, p<.001). Similar, to the control group, neither the main
effect of set (F1[2,8]=1.26, p=.33, F2[2,10]=1.26, p=.34) nor the Set by Condition interaction
(F1[6,24]=0.59, p=.74, F2[6,30]=0.59, p=.74) were significant. Follow-up tests revealed that the
AOS group was significantly slower in all three distracter conditions than in the baseline
condition. Since the group-level analysis revealed no significant Set effect or Set by Condition
interaction, the individual analyses were based on participants’ mean RT values averaged across
sets. Exact values of the patients’ RT means together with the results (p-values, effect sizes, and
credible intervals) from the Crawford and Garthwaite (2007) analyses are presented in Tables 3
(condition differences) and 4 (differences in magnitude of condition differences). The individual
analyses of speakers with AOS revealed that four of five speakers (AOS 200, AOS 201, AOS
202, and AOS 205) showed longer RTs than control speakers in the distracter conditions; two of
these (AOS 200 and AOS 202) also showed longer RTs in the Baseline condition (see Table 3).
Critically, all four of these speakers with AOS clearly followed the overall pattern of the AOS
group, as evidenced by the disproportionate differences between Baseline and distracter
conditions (Table 4). Further, participant AOS 202 had significantly faster RT in the CV-overlap
condition compared to the Unrelated condition, while the opposite was true for participant AOS
205 (and trend for AOS 201). Interestingly, one of the speakers with AOS (AOS 206) showed a
very different RT pattern compared to the rest of the group. He was remarkably faster than the
rest of the group with no significant differences from the control group in any condition.
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Table 3. RTs, p-values (2-tailed), and effect sizes (Z) with 95% credible intervals (95% CI) for
individual patients condition means, compared with controls using Crawford and Garthwaite’s
(2007) Single Bayesian comparison method. Significant p-values are indicated with bold font;
trends are italicized.
Participant
Baseline
Unrelated
C-overlap
CV-overlap
Controls (N=9)
413
442
430
437
(121)
(156)
(134)
(139)
AOS 200
p-value
Effect size (Z)
95% CI

812
.0141
3.30
1.57 – 5.00

1171
.0022
4.68
2.33 – 7.00

1096
.0015
4.97
2.49 – 7.43

1058
.0029
4.47
2.22 – 6.70

AOS 201
p-value
Effect size (Z)
95% CI

566
.2644
1.27
0.35 – 2.14

930
.0179
3.13
1.48 – 4.75

955
.0059
3.92
1.92 – 5.89

1005
.0047
4.09
2.01 – 6.14

AOS 202
p-value
Effect size (Z)
95% CI

740
.0335
2.70
1.23 – 4.14

1218
.0015
4.98
2.49 – 7.44

1094
.0016
4.96
2.48 – 7.41

920
.0109
3.48
1.67 – 5.25

AOS 205
p-value
Effect size (Z)
95% CI

677
.0723
2.18
0.93 – 3.40

860
.0345
2.68
1.22 – 4.11

907
.0097
3.56
1.72 – 5.37

1023
.0040
4.22
2.08 – 6.33

AOS 206
p-value
Effect size (Z)
95% CI

329
.5293
-0.69
-1.41 – 0.06

280
.3550
-1.04
-1.84 – -0.19

285
.3349
-1.08
-1.90 – -0.23

263
.2700
-1.25
-2.12 – -0.34

APH 301
p-value
Effect size (Z)
95% CI

338
.5735
-0.62
-1.32 – 0.12

475
.8435
0.22
-0.45 – 0.87

408
.8803
-0.16
-0.82 – 0.50

397
.7935
-0.29
-0.94 – 0.39

APH 304
p-value
Effect size (Z)
95% CI

513
.4552
0.83
0.04 – 1.57

404
.8255
-0.24
-0.90 – 0.43

400
.8373
-0.22
-0.88 – 0.45

410
.8601
-0.19
-0.85 – 0.47
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Table 4. P-values (2-tailed) and effect sizes (Z-DCC) with 95% credible intervals (95% CI) for
individual patients’ condition RT differences, compared to controls using Crawford and
Garthwaite’s (2007) Bayesian Standardized Difference method. Significant p-values are
indicated with bold font; trends are italicized
Participant
BL vs. UR
BL vs. C
BL vs. CV
UR vs. C
UR vs. CV
AOS 200
.0061
.0699
.1180
.6721
.6972
Effect size (Z-DCC)
-5.81
-3.37
-2.76
-0.82
0.73
95% CI
-10.08 – -2.13
-6.82 –
-5.91 – 0.11
-4.22 –
-2.46 – 3.97
-0.29
2.51
AOS 201
Effect size (Z-DCC)
95% CI

.0001
-7.87
-12.45 – -4.20

.0021
-5.35
-8.82 –
-2.49

.0005
-6.65
-10.76 –
-3.30

.1843
-2.18
-4.98 –
0.41

.0571
-3.36
-6.55 – -0.49

AOS 202
Effect size (Z-DCC)
95% CI

.0002
-9.59
-15.48 – -4.77

.0163
-4.54
-8.22 –
-1.38

.2283
-1.82
-4.27 – 0.44

.9749
0.06
-3.37 –
3.50

.0123
5.27
1.62 – 9.43

AOS 205
Effect size (Z-DCC)
95% CI

.1330
-2.11
-4.27 – -0.14

.0689
-2.78
-5.35 –
-0.51

.0077
-4.79
-8.28 – 1.83

.1205
-2.44
-5.06 –
-0.04

.0055
-5.40
-9.25 – -2.10

AOS 206
Effect size (Z-DCC)
95% CI

.1966
1.44
0.38 – 2.63

.4684
0.78
-0.14 –
1.78

.2406
1.31
0.25 – 2.49

.9046
0.13
-0.84 –
1.11

.4963
0.75
-0.30 – 1.86

APH 301
Effect size (Z-DCC)
95% CI

.0064
-3.52
-5.54 – -1.90

.3840
-0.92
-1.79 –
-0.13

.4544
-0.79
-1.63 – 0.00

.3175
1.05
0.27 – 1.92

.1106
1.76
0.78 – 2.91

APH 304
Effect size (Z-DCC)
95% CI

.0015
4.50
2.50 – 7.04

.0630
2.12
1.00 –
3.46

.0397
2.40
1.19 – 3.87

.9640
-0.05
-0.72 –
0.63

.8682
-0.17
-0.85 – 0.50

Both speakers with aphasia without AOS were remarkably faster than speakers with AOS
(with the exception of AOS 206, whose RT were comparable) with no significant differences
from control speakers in any condition. However, their individual RT patterns across conditions
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were different from one another. The RT pattern of APH 301 was numerically similar to that of
most speakers with AOS (longer RTs with distracters); however, only the difference between
Baseline and Unrelated conditions was significantly greater than in the control group. In contrast,
APH 304 had significantly longer RT in the Baseline than Unrelated and CV-overlap conditions.
Discussion
The purpose of this study was to test two hypotheses about the nature of the speech motor
programming impairment in AOS with a delayed picture-word interference task. To our
knowledge, this is the first study using this task with phonologically related distracters (rather
than semantically related distracters; Janssen, Schirm, Mahon, & Caramazza, 2008). As such, we
first address the results from control speakers before discussing the results from patients.
Control speakers
Unimpaired speakers made very few errors, and there was no effect of presence or type of
distracter on RT. Although we want to be cautious in our interpretation of this null result, these
findings differ from the auditory picture-word interference literature (which involves immediate
naming) in two interesting ways. First, distracters typically produce interference (slower RTs)
compared to situations in which no distracter is presented (e.g., Schriefers et al., 1990). The
absence of interference was expected because phonological planning is assumed to be completed
in the delayed naming task. This finding suggests that once speakers have a phonological plan or
speech motor program in their buffer, retrieval of the speech motor program is relatively robust
and impervious to distraction from external sources. Whether this is because the distracter’s SSM
representation enters the buffer but with less activation than the target, or because speakers can
rapidly suppress the distracter’s activation (cf. Mahon, Costa, Peterson, Vargas, & Caramazza,
2007), or because the distracter’s SSM representation is prevented from entering the buffer in the
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first place cannot be determined based on our data. It is also possible that any interference from
distracter SSM representations was counteracted by a facilitatory effect from the distracters
acting as auditory go-signals, which may produce faster RTs than visual go-signals in delayed
movement tasks (e.g., Davis & Green, 1969).
A second difference with the picture-word interference literature is that phonologically
related distracters typically produce priming (faster RTs to target word) compared to unrelated
distracters (e.g., Costa & Sebastian-Gallés, 1998; Schriefers et al., 1990), including in older
adults (Taylor & Burke, 2002). The absence of priming in the control group in the current study
(as opposed to immediate naming studies) is consistent with the interpretation that the distracters
in our delayed naming task did not tap into the phonological planning stage (cf. Mulatti &
Coltheart, 2012) but rather into a later, speech motor programming stage.
Speakers with AOS
In this light, the findings of the patients with AOS revealed interesting patterns. As a
group, participants with AOS showed notably slower RT when distracters were presented than
when no distracter was present. At the individual level, four of five speakers with AOS (AOS
200, AOS 201, AOS 202, and AOS 205) showed this pattern, regardless of whether their
baseline RT differed from controls. In addition, most speakers with AOS (AOS 200, AOS 201,
AOS 202, and AOS 205) also produced intrusion errors in at least two distracter conditions.
These findings were predicted by the Retrieval Hypothesis but not by the Damaged Programs
Hypothesis. Within the DIVA framework, this finding suggests that distracter words may have
activated incorrect SSM representations that cause interference, thereby slowing selection or
activation of the intended motor program, and, on occasion, selection of incorrect motor
programs.
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Difficulty with activating the correct SSM representation could manifest in several ways.
For example, speakers might produce an incorrect speech target, they might exhibit articulatory
groping behavior or produce a combination of multiple speech targets, or they might produce the
correct target but with a delay due to the need to suppress incorrect speech targets. Although
distortions may result from damaged motor programs, distortions and distorted substitutions may
also reflect activation of incorrect SSM representations and/or co-activation of multiple speech
targets (cf. Goldrick & Blumstein, 2006, for similar reasoning). All speakers with AOS exhibited
distortions and distorted substitutions in their speech, including during the experiment. Two
speakers with AOS (AOS 200 and AOS 202) also demonstrated longer RTs than control
speakers in the baseline condition, suggesting that perhaps activation of target SSM
representations was protracted (i.e. difficulty retrieving motor programs).
The Retrieval Hypothesis is similar to the Dual Route Hypothesis (Whiteside & Varley,
1998). Although Aichert and Ziegler’s (2004) finding of syllable frequency effects in speakers
with AOS undermined the Dual Route Hypothesis, our Retrieval Hypothesis is based on a
conceptually different model and adds the assumption that SSM representations can be activated
directly from external auditory input7 (Guenther et al., 2006). There is no contradiction between
the syllable frequency effect and the Retrieval Hypothesis because the latter does not claim that
speakers with AOS cannot use syllable-sized motor programs; rather, it states that retrieving a
motor program (of whatever size) is problematic, especially when several motor programs are

7

It should be noted that in the Dual Route model, external stimuli can influence speech motor
programming indirectly, through activation of semantic or phonological representations (Levelt
et al., 1999). While it is possible that distracters cause speakers with AOS to activate semantic
and/or phonological representations, and that this is what causes the interference effect, the fact
remains that only speakers with AOS (not those with aphasia without AOS) appear to be
susceptible to interference in this task that presumably taps into speech motor programming.
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activated simultaneously. For instance, infrequent syllables may be more problematic (assuming
they must be assembled from segments; Levelt et al., 1999) because the simultaneous activation
of multiple SSM representations creates more competition for the intended SSM representation
(cf. Bohland et al., 2010), thereby increasing RT and potential for speech errors.
The interpretation of the RT pattern of the speakers with AOS rests on the assumption
that these speakers, like control speakers, were able to prepare their utterance up to at least a
phonological level, and therefore that the RT interval captures motor programming operations.
Although this assumption is parsimonious given the findings of control speakers, it could be
argued that speakers with AOS did not prepare their utterances to the same extent, and perhaps
were unable to complete phonological planning. In this case the RT pattern may reflect
phonological planning effects rather than motor programming effects. Several considerations
make this account of our findings unlikely, however. First, we did not impose an experimenterdetermined delay interval between picture onset and go-signal, but allowed speakers to prepare
their response with unlimited time, to encourage maximal preparation. Even if phonological
planning takes longer in AOS as some have argued (Rogers, Redmond, & Alarcon, 1999), there
is no reason to suggest that speakers with AOS would indicate readiness to respond at a different
stage of preparation than control speakers. Second, if RT were to reflect phonological planning,
our speakers with aphasia without AOS (both of whom produced phonological paraphasias)
might be expected to show a similar pattern, which they did not. Third, if the task tapped into
phonological planning in the speakers with AOS, we would expect to see phonological priming
(faster RT with related than unrelated distracters). None of the speakers with AOS showed this
pattern except AOS 202 (see below and footnote 5).
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With respect to distracter-target similarity, two of the participants with AOS (AOS 201
and 205) showed some indication for greater interference with CV overlap distracters than with
Control distracters, whereas another participant showed the reverse pattern (AOS 202). While
any interpretations of these findings must remain cautious and speculative at this point, the mere
presence of such effects of distracter type are not easy to explain by the Damaged Programs
Hypothesis alone. The pattern of participant AOS 202 resembles the pattern of phonological
priming typically observed in the psycholinguistic literature. While we cannot rule out the
possibility that this pattern reflects an effect arising at the phonological planning stage (which
would suggest either that he did not complete the speech program for the target to begin with, or
that the distracter led him to reprogram from an earlier stage, e.g. phonological planning), it is
also possible that the distracter helped activate some parts of the intended SSM representation.
For instance, if he did not have syllable-sized SSM representations for these target words (e.g.,
web), then hearing the distracter (e.g., well) may have helped him activate SSM representations
for the first two speech sounds (e.g., /w/ and /ε/). On the other hand, greater interference from
more similar distracters (AOS 201 and 205) may arise from greater competition between SSM
representations (cf. similarity-based organization of connections between phonological and SSM
representations; Bohland et al., 2010), or because suppressing a distracter’s SSM representation
also temporarily inhibits activation of shared portions of the target SSM representation. These
individual differences must be interpreted with caution, both because of the small sample size
and because the model requires further specification and simulations regarding similarity effects.
We would be remiss if we did not also discuss an alternative, though related and not
mutually exclusive, interpretation of our results, related to Rogers and Storkel’s (1999) Reduced
Buffer Capacity Hypothesis. Rogers and Storkel proposed that individuals with AOS operate

55

56
with a buffer that is limited in capacity to a single syllable, so that they can only program and
produce one syllable at a time. The responses in our study were all monosyllabic and therefore
should be within the capability of speakers with AOS. However, if auditory distracters activate
unintended SSM representations, then the distracter syllable may replace the prepared utterance
from the buffer (cf. Janssen et al., 2008). This would then require reprogramming of the buffer
(i.e., reactivating the correct SSM representation), which would result in increased RT, or might
occasionally result in production of the distracter – both of which were observed in the present
study. The reprogramming view also predicts that greater interference should be observed when
distracter and target share features than when they do not (cf. Bohland et al., 2010; Rogers &
Storkel, 1999), as was the case for AOS 205 and perhaps AOS 201. At the group level however,
there were no differences among distracter conditions for the speakers with AOS. While Rogers
and Storkel (1999) did report significant group level differences, it is important to note that our
study was not designed to test this hypothesis specifically, and differed from theirs (e.g., we used
external rather than internally-generated distracters; our stimuli differed in type of overlap).
Finally, while four of the five participants with AOS demonstrated the group RT pattern,
participant AOS 206 differed drastically from other speakers: He showed remarkably faster RTs
in all conditions overall, and he did not differ from the control group in any condition nor in RT
pattern. Interestingly, this participant also differed from the AOS group in other ways. Though
he did exhibit several apraxic features, his spontaneous speech seemed less effortful and
approached normal speech rate, and the agreement between diagnosticians was poor for this
participant (see Table 1). Further, neuroimaging results revealed a relatively large posterior
lesion but, importantly, an intact left posterior inferior frontal gyrus. The left inferior frontal
gyrus has been associated in the DIVA model with the location of the SSM (e.g., Bohland et al.,
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2010; Guenther et al., 2006). Thus, the absence of distracter effects on his RT pattern suggests
either a different subtype of AOS or incorrect diagnosis. It is encouraging in some sense that this
participant displayed such a different profile in our study and on other behavioral and neural
dimensions, as it suggests that our task may capture key aspects of AOS. The four participants
who did display the interference effect (AOS 200, AOS 201, AOS 202, and AOS 205) also
differed somewhat in pattern (e.g., more vs. fewer intrusion errors, increasing vs. decreasing RT
with sound-overlap), which may suggest further possible subtypes or additional impairments.
However, despite these subtle differences, all four displayed a striking pattern of interference not
seen in speakers without AOS.
Taken together, the RT and error patterns of four out of five speakers with AOS (all
except AOS 206) provide preliminary support for the Retrieval Hypothesis. While other
explanations may exist or emerge, our findings were predicted by the Retrieval Hypothesis. It is
important to note however, that we are not claiming that motor programs themselves are
necessarily intact in AOS. We cannot rule out the Damaged Programs Hypothesis based on a null
effect, and further theoretical elaboration and simulations may enable more specific predictions
regarding the effects of damaged SSM representations. We do not view these two hypotheses as
mutually exclusive, and in fact, we have argued elsewhere that AOS may also involve impaired
feedforward commands (motor programs) (Maas, Mailend, & Guenther, 2012). Nevertheless, the
present study provides some positive evidence for the hypothesis that access to motor programs
is impaired in AOS.
Speakers with aphasia
To address the possibility that the pattern of findings in the AOS group reflects a nonspecific effect of neurological impairment or communication disorder, we included two speakers
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with aphasia but without AOS. The overall RTs of these speakers were much faster than the RTs
of speakers with AOS (except AOS 206), and neither of these patients differed significantly from
the control group in any condition. In terms of RT across conditions, the two patients displayed
different patterns. Participant APH 304 showed a larger RT difference between baseline and
distracter conditions than control speakers, with faster RTs for distracter conditions (a pattern
opposite to that of the AOS group, and similar to the numerical pattern of AOS 206). One
possible interpretation of this pattern relates to the aforementioned notion that distracters acted as
auditory go-signals (Davis & Green, 1969). In contrast, the RT pattern of participant APH 301
revealed significantly greater slowing in the unrelated condition than in the baseline condition,
compared to control speakers. This resembles the pattern of speakers with AOS, though in the
context of overall RT in the normal range. Though normal speech rate and absence of distortions
ruled out AOS in this participant, it is possible that there was an apraxic component to his speech
problem. Participant APH 301 had a large lesion extending into the anterior parts of the frontal
lobe, including the left posterior inferior frontal gyrus, making it anatomically plausible that he
also had some difficulties activating the correct SSM representation, even though this may have
been masked behaviorally by his other, more significant difficulties (e.g., severe word finding
problems).
While it is clear that future research is necessary to replicate and extend the current
findings and determine the participant characteristics and stimulus conditions that may give rise
to these different patterns of interference, these initial findings from two speakers with aphasia
do suggest that the pattern observed in the AOS group cannot simply be reduced to a nonspecific
effect of neurological damage, aphasia, or general attentional difficulties.
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Clinical implications
Finally, our study provides further support for the need to develop more reliable and valid
diagnostic criteria for AOS. There appears to be a growing recognition that current criteria are
not sufficiently operationalized or applied reliably (e.g., Haley et al., 2012). For example, Haley
et al. reported that even experienced SLPs using the same criteria (i.e., Wambaugh et al., 2006,
criteria) often do not agree on the presence of AOS. Consistent with their findings, and using a
similar methodology, we also noted some disagreements between clinicians. These findings
highlight the need for development of more operationalized and reliable diagnostic criteria for
AOS (cf. Haley et al., 2012). We suggest that hypothesis-driven experimental investigations
framed within current models of speech motor programming (as in the present study) are likely
to contribute to this enterprise, both by delineating the underlying impairments and by providing
a point of triangulation to minimize the circularity inherent in validating diagnostic criteria. The
present study represents an initial attempt to adapt an experimental paradigm to investigate
speech programming in AOS and unimpaired speakers, which we hope will stimulate further
research and theoretical development.
A better understanding of the underlying pathology and more accurate or detailed
diagnosis may provide evidence to support a reasonable clinical intuition that speakers with AOS
benefit from ample, distraction-free time to program their utterances, as external speech (similar
in sound structure or not) may interfere with speech motor programming, rather than facilitate it.
Conclusions
The present findings represent an initial attempt at testing the Retrieval Hypothesis and
Damaged Programs Hypothesis as framed in the context of the DIVA model. Overall, the present
study provides preliminary support for the hypothesis that retrieval of speech motor programs is
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one source of impairment in AOS. This conclusion is based on the finding that four of five
speakers with AOS showed an interference effect (notably longer RT and intrusion errors when
distracters were present), unlike control speakers or participants with aphasia. More participants
and additional experiments are needed to further delineate and specify the speech motor
programming deficits in AOS before concrete clinical implications can be offered. The initial
findings, however, hold promise for differential diagnosis of AOS, including specification of
possible different subtypes of apraxic speech motor programming impairments. It is important to
note that we are not necessarily suggesting the use of reaction time tasks in the clinic; rather, our
findings hint that such tasks may contribute to a more detailed understanding of the underlying
pathology (cf. Maas & Mailend, 2012) and may help develop and validate diagnostic tools.
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APPENDIX Target and distracter properties (means and standard deviations) for experimental items. None of the overlap conditions
differed significantly from one another (all ps > 0.10).
Variable
Targets
CV overlap
C overlap
Unrelated
Mean (SD)
Mean (SD)
Mean (SD)
Mean (SD)
a
KF Freq
2.61 (0.54)
2.98 (0.77)
2.84 (0.82)
3.03 (0.52)
SUBTLEXusb
3.33 (0.53)
3.84 (0.97)
3.58 (0.92)
3.99 (0.48)
c
CELEX total LOG
1.63 (0.66)
1.89 (0.69)
1.43 (0.91)
2.12 (0.45)
CELEX spoken LOGd
1.30 (0.76)
1.70 (1.10)
1.18 (1.08)
1.85 (0.62)
e
Syll freq (pos)
165 (165)
386 (594)
424 (842)
245 (271)
Syll freq (total)f
299 (352)
435 (601)
564 (797)
278 (262)
S Sumg
0.173 (0.052)
0.179 (0.030)
0.202 (0.030)
0.184 (0.056)
B Sumh
0.0106 (0.008)
0.0107 (0.003)
0.0115 (0.002)
0.0118 (0.010)
N Nborsi
22.0 (7.6)
25.5 (7.2)
30.5 (5.9)
24.3 (7.0)
j
LF Mean
2.08 (0.26)
2.11 (0.21)
2.04 (0.16)
2.05 (0.11)
a
Logarithmic word frequency (Kučera & Francis, 1967)
b
SUBTLEXUS log10 frequency (Brysbaert & New, 2009)
c
Logarithmic frequency of (written and spoken) word forms (Baayen et al., 1995)
d
Logarithmic frequency of spoken word forms (Baayen et al., 1995)
e
Syllable frequency per million tokens, in initial word position (Baayen et al., 1995)
f
Syllable frequency per million tokens, regardless of word position (Baayen et al., 1995)
g
Sum of segment probabilities (Storkel & Hoover, 2010)
h
Sum of biphone probabilities (Storkel & Hoover, 2010)
i
Number of neighbors (Nusbaum et al., 1984; http://neighborhoodsearch.wustl.edu/neighborhood/Home.asp)
j
Logarithmic frequency of neighbors (Nusbaum et al., 1984 http://neighborhoodsearch.wustl.edu/neighborhood/Home.asp)
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CHAPTER III
REPROGRAMMING PHONETICALLY SIMILAR WORDS IN APRAXIA OF
SPEECH AND APHASIA
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Abstract
The purpose of this study was to test two competing hypotheses about the nature
of the impairment in apraxia of speech (AOS). The Reduced Buffer Capacity Hypothesis
argues that people with AOS can hold only one syllable at a time in the speech motor
planning buffer (Rogers & Storkel, 1999). The Program Retrieval Deficit Hypothesis,
states that people with AOS have difficulty retrieving the intended motor program from
the buffer when the buffer also contains other programs (Mailend & Maas, 2013). The
participants included seven speakers with AOS, most of whom also had aphasia, nine
speakers with aphasia without AOS, and 25 age-matched control speakers. The
experimental paradigm prompted single word production following three types of primes.
In most trials, prime and target were the same (e.g., bill-bill). On some trials, the initial
consonant differed in one phonetic feature (e.g., bill-dill; Similar) or in all phonetic
features (fill-bill; Different). The dependent measure was reaction time. The results
revealed a switch cost – longer reaction times in trials where the prime and target differed
compared to trials where they were the same words – in all groups; however, the switch
cost was significantly larger in the AOS group compared to the other two groups. These
findings are in line with the prediction of the Program Retrieval Deficit Hypothesis and
suggest that speakers with AOS have a difficulty with selecting one program over another
when several programs compete for selection.
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Apraxia of speech (AOS) is a motor speech disorder that is characterized
primarily by slow speech rate, distorted speech sounds, frequent pauses between words or
syllables, and perception of equal stress across syllables (Ballard et al., 2015). AOS
results from neurological damage, such as stroke (Ziegler, 2008) or neurodegenerative
disease (Josephs et al., 2013). Although the precise lesion locations resulting in AOS is
still debated, most recent studies implicate a network of regions in the dominant
hemisphere, including the posterior part of the inferior frontal lobe, premotor and
supplementary motor areas, motor cortex, insula, and the sensorimotor cortex (Basilakos,
Rorden, Bonilha, Moser, & Fridriksson, 2015; Graff-Radford et al., 2014; Hickok et al.,
2014; McNeil, Ballard, Duffy, & Wambaugh, 2016). AOS may occur in isolation but the
underlying pathology typically affects language function as well, so that it most
commonly co-occurs with acquired language impairment (aphasia); in some cases,
muscle weakness or incoordination of movements affecting speech (dysarthria) may also
be present (Duffy, 2005; Ziegler, 2008). The prevalence of AOS is difficult to determine,
but combined sources suggest that 320,000 Americans have AOS as a primary disorder
(Duffy, 2005; National Aphasia Association, n.d.). In addition, an undetermined
proportion of the two million Americans with the primary diagnosis of aphasia also have
AOS. These people present a clinical challenge from a diagnostic and treatment
perspective because impairments may arise at various stages of language formulation,
speech motor planning, or both.
Researchers agree that the core problem in AOS is an impairment at the level of
speech motor planning (Ballard, Granier, & Robin, 2000; Duffy, 2005; McNeil, Robin, &
Schmidt, 2009; Ziegler, 2008). However, this processing level can be affected in several
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different ways. How speech motor planning operations fail in apraxia of speech remains
unclear, although several hypotheses have been proposed to explain the underlying
impairment. A more specific understanding of the speech motor planning impairment is
critical for advancing translational research on AOS, particularly the development of
theoretically grounded tools for differential diagnosis and effective treatments that
specifically target the speech motor planning impairment. The purpose of this study, thus,
is to advance the theoretical groundwork by investigating the underlying speech
impairment in AOS. Our approach is to identify competing hypotheses about the
underlying nature of AOS that have independent support in the literature. We then
consider these hypotheses within a current theoretical framework of speech production
(Bohland, Bullock, & Guenther, 2010; Dell, 1986; Guenther, 2016; Guenther, Ghosh, &
Tourville, 2006; Levelt, Roelofs, & Meyer, 1999), derive predictions for the hypotheses
based on the theoretical framework, and test these predictions within an experimental
paradigm that has proven successful for understanding speech motor planning in
unimpaired speakers but remains underutilized in the study of AOS (Maas & Mailend,
2012). The methodological continuity with the independent literature on speech motor
planning in unimpaired speakers serves as a cross-validation point for interpretation of
observed effects.
Speech motor planning impairment hypotheses in AOS
Several studies have investigated the underlying impairment in AOS (e.g., Aichert
& Ziegler, 2004; Deger & Ziegler, 2002; Maas, Robin, Wright, & Ballard, 2008; Mailend
& Maas, 2013; Varley & Whiteside, 2001) and proposed different hypotheses to account
for the behaviors that are characteristic of this disorder. Here we review three of the

65

66
major hypotheses in the literature, which we will term the Damaged Programs
Hypothesis, the Program Retrieval Deficit Hypothesis, and the Reduced Buffer Capacity
Hypothesis. The latter two are particularly relevant in the context of this study. The
Damaged Programs Hypothesis has been conceptualized in different ways depending on
the speech production model that has guided the conceptualization (Aichert & Ziegler,
2004; Maas, Mailend, & Guenther, 2015; Mailend & Maas, 2013), but generally, this
hypothesis states that the representations that encode the movement patterns (often
referred to as ‘speech motor programs’) are impoverished or incompletely specified in
AOS (Aichert & Ziegler, 2004).
Several sources of evidence support this hypothesis. For example, Aichert and
Ziegler (2004) conducted a study which showed that syllable properties, such as syllable
frequency and syllable structure, play a role in apraxic speech errors suggesting that
speakers with AOS have access to syllable-sized speech motor programs but these
representations are susceptible to damage which, in turn, appears to be influenced by
syllable frequency. Maas et al. (2015) approached this question from a different angle.
They used noise-masking to prevent access to auditory feedback as the study participants
produced words. If the speech motor programs are underspecified or impoverished,
speakers would have to rely on their intact feedback mechanism to achieve the target
speech sounds. This predicts that speech sound contrast (operationalized as acoustic
vowel distinctiveness) is reduced when feedback is masked compared to normal feedback
conditions. Results indicated that speakers with AOS indeed produced smaller contrasts
between different vowels under the masking conditions compared to silent trials, and that
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this reduction was larger for the AOS group compared to age-matched controls without
neurological impairments.
Mailend and Maas (2013) contrasted the Damaged Program Hypothesis to an
alternative hypothesis for the underlying impairment in AOS, namely the Program
Retrieval Deficit Hypothesis. This hypothesis suggests that the core problem in AOS is in
activating (and/or selecting) the intended speech motor program particularly in a context
where other motor programs compete for selection due to similarity or recent activation
from different input. These two hypotheses were tested in a delayed reaction time
paradigm, where participants were asked to say a pre-specified word in response to a gosignal. On some trials, the participants heard another word just prior to speaking. While
neurologically healthy control speakers were unaffected by the distracter word as
evidenced by comparable reaction times in silent trials and trials with distracters,
speakers with AOS showed significantly longer reaction times when distracter words
were presented. This result was predicted by the Program Retrieval Deficit Hypothesis
and it is consistent with the idea that speakers with AOS have difficulty with activating
the intended motor program over its competitors, difficulty that was artificially
exacerbated by the distracters in this experiment.
While the hypothesis of Damaged Programs alone cannot explain the results in
the study by Mailend and Maas (2013), a third hypothesis of AOS, namely the Reduced
Buffer Capacity Hypothesis, proposed by Rogers and Storkel (1999) is also consistent
with these findings. According to this hypothesis, the speech motor planning buffer that
is responsible for holding on to the upcoming motor programs in the utterance is limited
in speakers with AOS to fit no more than one syllable-sized motor program at a time,
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forcing speakers with AOS to plan their utterances syllable-by-syllable. The study by
Mailend and Maas was not designed to test this hypothesis directly but the authors
acknowledge that the pattern of results could be explained also by the Reduced Buffer
Capacity Hypothesis. Namely, it is possible that rather than competing for selection
simultaneously with the target, the distracter replaced the pre-activated motor program in
the motor planning buffer. In this case, the extended reaction time in the distracter
conditions would be explained by a need to inhibit the motor program for the distracter
and reactivate the intended motor program that corresponds to the target. In summary,
both the Reduced Buffer Capacity Hypothesis and the Program Retrieval Deficit
Hypothesis offer potential explanations for the nature of the underlying impairment is
AOS (Mailend & Maas, 2013; Rogers & Storkel, 1999) but they have not been compared
directly to one another in a single experiment where each hypothesis would predict a
unique outcome.
Theoretical framework
One of the obstacles for the study of AOS has been the underspecification of
speech production models at the level of speech motor planning. This stage straddles the
boundary between the domains of language processing and speech processing which are
typically addressed in separate models. Speech motor planning falls at the periphery of
models that focus on each domain respectively (Ziegler, 2002). In recent years, however,
there have been considerable improvements in our understanding of speech motor control
(e.g., Guenther et al., 2006; Perkell, 2012) and its interaction with language-level
processing, such as phonological encoding (Bohland et al., 2010). While all central
models of speech production (Bohland et al., 2010; Dell, 1986; Guenther et al., 2006;
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Levelt et al., 1999) differ from one another in some aspects, a few key assumptions,
critical in the context of this study, are shared by these models. These are (a) that speech
production unfolds via several stages (e.g., lexical retrieval, phonological encoding,
speech motor planning, articulation), and (b) the different stages incorporate processing
buffers where units are combined and temporarily stored in anticipation of the next stage.
In the following section, we will review the speech motor planning stage specifically. We
base this discussion primarily on the DIVA (Directions into the Velocities of
Articulators; Guenther, 2016) model and its extension, the GODIVA (Gradient Order
DIVA; Bohland et al., 2010), because these models are currently the most specific at the
stage of speech motor planning and therefore provide the basis for specific predictions
about our hypotheses. It should be noted that the general architecture is shared by other
models of speech production referenced above. A comprehensive overview of DIVA, a
detailed neurocomputational model, is neither feasible nor justified within the scope of
this paper, hence, the ensuing narrative focuses on the aspects of the model that are
critical to follow the logic of this study.
The speech motor planning stage refers to the phase in speech production where
an abstract linguistic message is transformed into motor programs – cognitive
representations that guide articulation (Ziegler, 2008). The primary unit of operation at
this level is a speech motor program which in DIVA may correspond to different
linguistic units, such as phonemes, syllables, or whole phrases for frequently occurring
utterances, but the primary motor programming unit corresponds to a syllable. In case a
linguistic message has corresponding motor representations at different chunk sizes, the

69

70
system will look for the largest chunk that corresponds to the utterance planned at the
linguistic processing stage (Guenther, 2016).
The speech motor planning stage receives input from the phonological encoding
stage which is responsible for assembling the sound structure (sequence of phonemes)
and the metrical structure (syllable shapes and stress patterns), and combining the two
into a phonological phrase. As the first segments of the phonological phrase become
available, they start activating the corresponding speech motor program representations
(speech sound map cell in the DIVA model; Guenther et al., 2006). In this process, the
program that represents a perfect match to the phonological unit becomes activated but so
do the programs that represent a partial match. Additional excitatory and inhibitory
connections between the competing representations via direct and indirect pathways
through basal ganglia help resolve the competition. Once the activation of the best
matching program achieves the selection threshold, it will serve as input to the motor
units in the primary motor cortex, initiating the next stage in speech production –
execution of the speech movements. The cells representing the selected program are
actively inhibited after selection to avoid reselection (Bohland et al., 2010).
Speech articulation is a sequential process – speech units are articulated over time
– which means that representations for the upcoming syllables have to be held in short
term memory before being selected and passed on to the upcoming processing stage.
According to this architecture, there are at least two independent sources of competition
at the level of the speech motor planning buffer (located at the level of the Speech Sound
Map in DIVA terms). One of them is phonetic similarity between different motor
programs. Due to partial match, similar motor programs receive input from the same
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representations at the phonological level. The other is competition between the present
target and upcoming units in the utterance. In addition, the largest degree of competition
should follow from the interaction between the two, when the upcoming units in the
utterance are also phonetically similar to one another.
This study was designed to examine two hypotheses about the speech motor
planning impairment within the context of the above-described model: the Reduced
Buffer Capacity Hypothesis and the Program Retrieval Deficit Hypothesis. Both pertain
to the speech motor planning buffer, the working space that allows the speech production
system to preplan upcoming parts of the utterance in advance. The first hypothesis,
termed Reduced Buffer Capacity Hypothesis (Rogers & Storkel, 1999), asserts that
people with AOS are unable to prepare more than one syllable-sized speech motor
program at a time, because the motor planning buffer is reduced in its capacity to hold no
more than one motor program at a time. In terms of the theoretical framework, this means
that the speaker cannot activate the representations of several speech motor programs
simultaneously. In order to produce an utterance that requires the activation of several
motor programs, the first motor program has to reach the selection threshold, be selected
and, right after selection, inhibited before the next representation in the planning buffer
can be activated.8

8

Guenther (2016) suggested the phonological encoding buffer to be the locus of
impairment for this hypothesis. We view the motor planning buffer (Speech Sound Map)
to fit better as the locus in terms of the original description of the hypothesis by Rogers
and Storkel and with the consensus opinion that speech motor planning rather than
phonological encoding is the primary impairment in AOS. The predictions for this
experiment are the same in either case because the task requires the participant to prepare
and hold on to only a single syllable at a time, which by this hypothesis is within the
capacity of the limited buffer at either level.
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The competing hypothesis is the Program Retrieval Deficit Hypothesis (Mailend
& Maas, 2013). According to this hypothesis people with AOS, like typical speakers, can
hold more than one program at a time in the motor planning buffer, however, retrieving
the intended program with the appropriate order and timing is impaired. Within our
theoretical framework, this can be modeled either as (a) difficulty reaching the threshold
for individual program representations due to inadequate connections between the
phonological encoding buffer and the speech motor program representations or (b)
inability to resolve the competition among the representations perhaps due to insufficient
connectivity with the basal ganglia loops. Discriminating between these alternatives is
not within the scope of this experiment.
Current study
One of the difficulties associated with the study of speech motor planning
impairment in AOS is establishing an experimental paradigm that would allow the
manipulation of the speech motor planning operation independently from the operations
at the stages that precede and follow speech motor planning. Utterances that require more
effort at the level of speech motor planning are typically also complex in terms of
phonological encoding and/or articulation. In this study we use a so-called
reprogramming paradigm (also called response priming paradigm), which has proven
useful for examining speech motor planning in typical speakers (Meyer & Gordon, 1985;
Yaniv, Meyer, Gordon, Huff, & Sevald, 1990) and in speakers with hypokinetic
dysarthria (Spencer & Rogers, 2005). In this paradigm, participants prepare to produce a
word in advance and then say the word in response to a go-signal. On some trials, the gosignal specifies a word other than what the participants had prepared. This requires the
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speaker to inhibit the prepared response and quickly plan the new response. Typical
speakers need more time to switch between phonetically similar items (e.g., bill and dill
which differ in one phonetic feature: place of articulation) compared to switching
between dissimilar items (e.g., bill and fill), whose onsets do not share any phonetic
features (Meyer & Gordon, 1985; Rogers & Storkel, 1998; Spencer & Rogers, 2005;
Spencer & Wiley, 2008; Yaniv et al., 1990). This effect is referred to as the phonetic
similarity effect, and it has been taken as evidence that reprogramming the speech motor
planning buffer is more costly when the operation involves phonetically similar items,
because of the competition between similar speech motor programs as described above.
The reprogramming paradigm requires the participant to abandon a
preprogrammed utterance and encode a new utterance which must include operations at
the stage of phonological encoding as well as speech motor planning. On what basis can
we justify the analysis that the interference between phonetically similar items arises at
the speech motor planning level and not the phonological encoding level? Several
observations support the argument that the effects arise at the speech motor planning
level. First, the reprogramming paradigm originates from the motor literature
(Rosenbaum & Kornblum, 1982) where this paradigm is successfully used to study the
planning of movements, such as finger taps, that lack the stage of phonological encoding
altogether. This argues for the interpretation that this similarity effect arises at a highlevel operation within the hierarchically organized movement system (i.e., movement
planning) because there is no phonological planning stage in finger movements. Second,
this paradigm has produced atypical reaction time patterns in speakers with hypokinetic
dysarthria secondary to Parkinson disease (Jones et al., 2010; Spencer & Rogers, 2005) –
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a disorder that unequivocally affects motor preparation and execution of speech but not
the stages of language processing, such as phonological planning. Third, in paradigms
that are thought to tap the phonological encoding stage on independent grounds, e.g., in
the picture-word interference paradigm; Schriefers, Meyer, & Levelt, 1990) and the
implicit priming paradigm (Meyer, 1990), priming rather than interference is observed
from phonological overlap.
Another important assumption of this paradigm is that the participants prepare the
prime for production, that is the phonologic planning phase is complete and the
participant has activated the motor program that best matches the phonologic syllable in
the speech motor planning buffer before the target word is presented. Upon the
presentation of the target word the participant either executes the planned program if the
target matches the prepared prime, or in case of a mismatch, the prepared program is
inhibited and the motor program that best matches the target is activated and selected. In
our application of this task, the selective activation of the motor program that corresponds
to the prime is further complicated by the similarity between the prime and target as
programs corresponding to both words are linked due to shared segments and/or features.
Because all speakers have to go through the above-described processes, all
participants are expected to show a switch cost: longer reaction times in trials where
prime and target are different words compared to trials where the prime and target are
identical. The critical aspect of this task for the current study is that the participant has no
need to plan and hold on to more than one speech motor program at any time throughout
this experiment. The necessity to plan only a single syllable at a time generates different
predictions for the two hypotheses. According to the Reduced Buffer Capacity
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Hypothesis, speakers with AOS should demonstrate a switch-cost that is similar to the
other groups because the operations in this task are within the limits in which the motor
planning buffer operates in speakers with AOS. The Program Retrieval Deficit
Hypothesis, in contrast, predicts a switch cost of a greater magnitude in the AOS group
compared to the Control group. In switch trials, the prime activates a competing speech
motor program in the motor planning buffer that is not actually produced within the trial.
To select the program that matches the target, the participant must overcome the
competition from alternative programs that are also a partial match to the target, and in
this case, one of the natural competitors has received a boost in activation from the
unproduced prime. In other words, if the difficulty in AOS is in selecting one motor
program over another, then this paradigm artificially exacerbates this problem by
providing a boost in activation to a competing speech motor program via the prime that is
not selected for production and thereby does not undergo post-selection inhibition. The
Program Retrieval Deficit Hypothesis, therefore, predicts an exaggerated switch cost in
speakers with AOS and a greater number of speech errors where the participant produces
the prime rather than the target word in switch trials in comparison to other groups.
To the best of our knowledge, this is the first time that the reprogramming
paradigm is used to study speakers with AOS. Therefore, in addition to the differential
predictions in this paradigm that allow us to test these competing hypotheses about the
underlying nature of AOS against one-another in a single experiment, we can also
examine the specificity of our findings to apraxia of speech by comparing the results of
speakers with AOS and aphasia to those with aphasia without AOS. Consequently, this
study may also provide further evidence to the claim that the paradigm affects primarily
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the speech motor planning level of speech production (Jones et al., 2010; Spencer &
Rogers, 2005). This interpretation would find further support if speakers with AOS show
a different pattern from control speakers and speakers with aphasia without AOS.

Methods
Participants
Study participants included seven speakers with AOS (five of whom also had
aphasia), nine speakers with aphasia without AOS, and 25 neurologically healthy control
participants. The groups did not differ in age (F=2.42, p>.05) or years of education
(F=0.62, p>.05). All participants were native or bilingual English speakers, more
specifically, three control speakers and two speakers with AOS also spoke another
language before the age of five, based on self-report. Nine additional participants were
initially recruited for this study but were excluded from the analysis because they did not
meet the inclusionary criteria (no aphasia according to WAB for two participants initially
recruited to the aphasia group) or because they met the exclusionary criteria: history of
dyslexia according to self-report for one control participant, significant reading
difficulties for three speakers with AOS and/or aphasia, additional neurological or speech
diagnosis for three speakers with AOS and/or aphasia. All study procedures were
approved by the Institutional Review Boards of the University of Arizona and Temple
University. Participants signed a written consent before taking part in the study and they
were compensated for their time at the rate of $10 per hour.
AOS was initially diagnosed by the first author who holds a clinical Master’s
degree in Speech Therapy. Following the example of Haley et al. (2012) the diagnosis
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was made on a three-point scale (1 = no AOS, 2 = possible AOS, and 3 = AOS) with a
modification that allowed 1.5 and 2.5 values to indicate “inclination towards no AOS” or
“inclination towards AOS” judgments respectively. The following criteria served as the
basis for AOS diagnosis: (1) slow speech rate, (2) sound distortions and distorted
substitutions, and (3) impaired prosody, particularly syllable segmentation and equal
stress across syllables (e.g., Ballard et al., 2015). These characteristics were examined
from several different speaking tasks, including conversational speech samples, picture
description, repetition of words and phrases and diadochokinetic tasks administered in the
context of standardized tests (Western Aphasia Battery; WAB, (Kertesz, 1982); Apraxia
Battery for Adults, 2nd Edition; ABA-2, (Dabul, 2000). The diagnosis was subsequently
confirmed by an ASHA-certified speech language pathologist who evaluated each
participant independently from video and audio recordings following the same procedure
and criteria. Unanimous agreement between the first and second rater was achieved for
the diagnosis of 12 of 16 participants with AOS and/or aphasia; for 2 additional
participants the disagreement was within half a point, and for 2 participants the
disagreement was 1 and 1.5 points respectively. For the two speakers with score
discrepancies of one point or more, a third ASHA-certified speech-language pathologist
independently evaluated the speech samples based on the same criteria and procedures.
The final group assignment was based on the average score of the two raters (or three
raters for the two speakers with discrepant AOS scores): participants with a score of 2 or
more were assigned to the AOS group (Mailend & Maas, 2013), others to the aphasia
group. The mean AOS rating for each participant is indicated in Table 1.
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and backward version of picture span; DeDe et al., 2014)

Picture
Span FW5
Picture
Span BW5

4

Education
Hand
Language
TPO
(y;m)
Aphasia
type1
WAB
AQ1
AOS
rating2
Oral
apraxia3
Limb
apraxia3
Dysarthria

Age
Sex

AOS
001
79
M

Table1. Participant information.

78

78

79
Additionally, the Revised Apraxia of Speech Rating Scale (Clark, Duffy, Strand,
& Josephs, 2016; Strand, Duffy, Clark, & Josephs, 2014) was used to judge speech
samples of all participants with AOS and/or aphasia to further characterize the
participants’ speech and to establish the severity of AOS. Judgments on the rating scale
were based on reviewing video recordings of the same speech samples used for AOS
diagnosis. Results from the rating scale are presented in Table 2. Note that the suggested
cut-score for AOS on the scale (the total of 8 or more points on the rating scale; Strand et
al., 2014) confirms the clinical diagnosis of AOS for all speakers with AOS/aphasia
except for APH 009 who scored just in the range of AOS (total score = 8) despite the
clinical judgement that AOS was not present in this speaker.
Aphasia diagnosis was based on the WAB (Kertesz, 1982). All participants with
AOS and/or aphasia were administered a short-term memory and working memory test
that has been psychometrically validated for use with people with language impairments
(forward and backward versions of the picture span; DeDe, Ricca, Knilans, & Trubl,
2014), and Mini Mental State Examination (MMSE; Folstein, Folstein, & McHugh,
1975) to assess general cognitive state of the participants. The two patient groups did not
differ from one another on any of these background variables (WAB AQ: t=0.48, p>.05;
Picture Span Forward: t=1.06, p>.05; Picture Span Backward: t=-0.56, p>.05; MMSE:
t=1.30, p>.05; Time Post Onset: t=0.977, p>.05). Oral mechanism exam (Duffy, 2005)
was administered when dysarthria was suspected; three of the speakers with AOS were
judged to have some degree of dysarthria of the unilateral upper motor neuron kind (see
Table 1).
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1.1 Distorted sound
substitutions
1.2 Distorted sound
additions
1.3 Increased distortions
with increased
length/complexity
1.4 Distortion on AMRs
1.5 reduced words per
breath group
2.1 Syllable segmentation
in longer words
2.2 Syllable segmentation
across words
2.3 Sound distortions
(excluding 1.1 and 1.2)
2.4 Slow overall speech
rate
2.5 Lengthened vowels
and/or consonants
3.1 Deliberate, slowly
sequenced, segmented
SMRs
3.2 Articulatory groping
3.3 Audible false starts
and restarts
AOS severity
Dysarthria severity
Total of ratings
Number of items present

3
1
3
2
0
3
3
3
2
2
4
2
2
3
0
30
12

3
4
1
0
2
3
4
3
1
4
1
1
3
0
31
12

AOS
002

4

AOS
001

2
1
19
9

0
1

3

0

1

3

1

1

3
0

3

0

3

AOS
003

1
0
13
9

0
1

2

1

1

2

2

1

0
0

2

0

1

AOS
004

2
1
18
10

0
1

3

1

1

2

2

2

1
0

3

0

2

AOS
005

2
0
20
11

2
3

2

1

2

2

3

1

0
0

2

1

1

AOS
006

1
0
9
7

1
1

3

0

0

1

1

0

0
0

1

0

1

AOS
007

0
0
2
2

0
1

1

0

0

0

0

0

0
0

0

0

0

APH
001

0
0
5
4

0
1

2

0

0

1

0

0

0
0

1

0

0

APH
002

0
0
4
4

0
1

0

0

0

1

0

0

0
0

1

0

0

APH
003

0
0
4
2

0
3

0

0

0

0

0

0

1
0

0

0

0

APH
004

Table 2. Results from the Apraxia of Speech Rating Scale (Clark et al., 2016; Strand et al., 2014).

0
0
0
0

0
0

0

0

0

0

0

0

0
0

0

0

0

APH
005

0
0
6
4

2
2

0

0

0

1

0

0

0
0

1

0

0

APH
006

0
0
1
1

0
0

1

0

0

0

0

0

0
0

0

0

0

APH
007

0
0
4
4

0
1

0

0

0

1

0

1

0
0

0

0

1

APH
008

0
0
8
4

2
3

2

0

0

0

1

0

0
0

0

0

0

APH
009
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Materials
The stimuli for this experiment consisted of 24 regularly-spelled English words (see
Table 3). All words were four characters and three phonemes in length and had a CVC
syllable structure. The stimuli were organized into six prime-target pairs to create four
conditions where the phonetic similarity between the prime and the target was
manipulated. The primes were presented in UPPER case, targets in lower case. The case
difference helped to break up the visual continuity and similarity between the prime and
the target stimuli to minimize the possibility that the observed effects stemmed from
visual processing rather than (or in addition to) speech motor planning. Before describing
the primes and the four conditions, a brief description of the targets is provided because
the same six words served as targets in all four conditions.

Table 3. Materials: targets and primes by condition.
Target
Identical
Similar PM
teal
TEAL
DEAL
pail
PAIL
BAIL
cane
CANE
GAIN
bill
BILL
PILL
dame
DAME
TAME
gall
GALL
CALL

Similar VM
PEEL
TAIL
PANE
DILL
GAME
BALL

Different
MEAL
RAIL
RAIN
FILL
FAME
FALL

The onset sound of all target words was a stop consonant, among which half were
voiced and the other half voiceless stops. The three places of articulation appropriate for
stops in the English language (i.e., bilabial, alveolar, and velar) were all represented for
both voiced and voiceless onsets.
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Table 4. Summary of the psycholinguistic properties of the second word in each
condition; the first word is identical across all conditions.
Identical

Similar PM

Similar VM

Different

M

SD

M

SD

M

SD

M

SD

Syll
freqa

1.23

0.75

1.59

0.70

1.85

0.80

1.84

0.44

CELEX
logb

0.86

0.65

1.54

0.67

1.22

0.81

1.61

0.36

SLBFc

9.69

0.31

9.73

0.47

9.57

0.68

9.73

0.66

MLBFd

3.23

0.10

3.24

0.16

3.19

0.23

3.24

0.22

SLBPF

5.41

0.77

5.56

0.52

5.69

0.47

5.86

0.58

MLBP
Ff

2.70

0.39

2.78

0.26

2.84

0.24

2.93

0.29

Ng

15.66

1.97

12.66

2.73

13.66

3.61

12.33

1.63

27.66

5.85

26.50

7.23

27.00

4.81

29.33

5.20

e

PNh
i

Freq N 87.73 49.36
120.00 134.76
78.76 72.66
103.61 74.10
b
Log Syllable frequency regardless of word position and log total CELEX word
frequency (Baayen, Piepenbrock, & Gulikers, 1995); csummed log bigram frequency and
d
mean log bigram frequency; esummed log biphone frequency and fmean log biphone
frequency, gorthographic neighborhood size; hphonological neighborhood, ifrequency of
orthographic neighbors (Davis, 2005).
a

Each target word was paired with a prime word to form the four conditions of this
experiment in which the phonetic similarity between the prime and target was
manipulated. The prime-target pairs shared the rime in each condition. In the Identical
condition the prime was the same word as the target (e.g., BILL-bill). In the three
remaining conditions, the target and the prime differed in the initial consonant. In the
Similar Place and Manner condition (from here forward Similar PM) the onsets of the
word pair differed only in the voicing feature (e.g., PILL-bill) while in Similar Voicing
and Manner (from here forward Similar VM) the prime and target differed only in the
place of articulation (e.g., DILL-bill). Finally, in the Different condition, initial
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consonants did not share any phonetic features (e.g., FILL-bill). The primes in each
condition were matched for relevant psycholinguistic variables, such as syllable
frequency, word frequency, orthographic and phonemic neighborhood density, neighbor
frequency, and bigram and biphone frequency. These properties of the materials are
summarized in Table 4.
In addition to the experimental conditions, the experiment also included fillers
which mimicked the identical condition except prime words rather than target words were
presented as both primes and targets. Fillers served a twofold purpose: like the trials in
the identical condition, they helped set up the expectation that the prime will be the same
word as the target since most of the trials (75%) in the experiment followed this sequence
of events. In addition, the fillers made it impossible to learn over the course of the
experiment which prime words are occasionally followed by a target that is different
from the prime, because all prime words were sometimes followed by a target that was
identical to the prime and a target that differed from the prime.
Equipment
The experiment was programmed in E-Prime Software (Version 2; Psychology
Software Tools, Inc., Sharpsburg, PA) and run on a Dell Inspiron 530 computer with a
21.5 inch LCD screen. The experimenter used a button box (Serial Response Box;
Psychology Software Tools, Inc.) for on-line accuracy judgements and advancement of
experimental events (e.g., trials). An M-Audio Aries condenser microphone (M-Audio,
Cumberland, RI) placed on a desk stand approximately 30 cm from the participants’
mouth recorded the speech responses at 44.1 kHz onto one channel via a Marantz CDR420 CD recorder (Marantz America LLC, Mahwah, NJ). The other channel received the
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input directly from the computer and recorded signals (beeps) that were presented
simultaneously with the target onset (these beeps were inaudible to the participants but
they were necessary for measuring RT from the acoustic record).
Task and Procedure
The experiment involved a reprogramming paradigm (Spencer & Rogers, 2005)
in which participants produced a single-word target after a visual prime (Figure 1).

Figure 1. Experimental task.

Following an asterisk (500 ms), a prime appeared on white background in UPPER CASE
in the center of the screen and participants prepared to produce it. Once they were ready
to respond they pressed the space bar to indicate that they were ready to proceed (i.e., the

84

85
self-select modification based on Maas et al., 2008). The key-press initiated a delay
period which varied randomly between 1700-2700 ms. At the end of the delay, the target
replaced the prime and the color of the background turned blue. The change in
background color acted as the go-signal. Simultaneously with the screen color change, a
tone was sent to one channel of the CD Recorder to enable reaction time measurement
from the acoustic record; this tone was not audible to the participant. Participants were
instructed to say the word on the blue background as quickly as possible. In 75% of trials,
the prime predicted the target exactly (Identical condition), allowing and encouraging
participants to prepare the prime for production. In some trials however (25%; Similar
PM, Similar VM, and Different conditions, collectively called the Switch conditions), the
target specified a different response. These trials required a quick switching between the
motor programs that correspond to the prime and target, thus requiring rapid inhibition of
the motor program corresponding to the prime, and reprogramming the response for the
target (Spencer & Rogers, 2005).
Participants were tested individually in a quiet room. Including breaks between
blocks, the experiment was completed in a single experimental session in approximately
45 minutes total. Other sessions were devoted to background testing and another
experiment (Chapter IV in this dissertation).
Design
This experiment was conducted as part of a larger study that included another
experiment which used the same stimuli as the present study (described elsewhere). The
order of the two experiments was therefore counterbalanced within each group of
participants.
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The experiment consisted of 288 trials that were divided into 12 blocks of 24
trials. In each block, participants saw six trials from the Identical condition, two trials
from the Similar PM, Similar VM, and Different conditions, and 12 filler trials. All
unique prime-target pairs from the Similar PM, Similar VM, and Different conditions
were therefore presented within a run of three blocks in a random order and the unique
prime target pairs in the Identical condition were all presented once within each block.
Trials within each block were distributed in pseudorandom order with the constraint that
the first two trials of every block were fillers. Consecutive presentations of one and the
same target word were avoided. Each experimental prime target pair was presented four
times throughout the experiment dividing the experiment into four runs of three blocks
each.
Analysis
The primary measure of interest was reaction time (RT) – the duration between
the target onset (which co-occurred with the presentation of a tone not audible for
participants) and the release burst of the onset consonant of the target (see Figure 2). The
release burst was identified by simultaneous inspection of the waveform (sudden increase
in amplitude that is continuous with the rest of the signal for the target word) and the
spectrogram (sudden increase in amplitude that is continuous with the rest of the signal
for the target word and spans the visible frequency range of 0-10,000 Hz). The visible
time window for analysis was set to 1500 ms. All RTs were measured manually by the
first author using the T32 program (Milenkovic, 2010). A second rater remeasured 11%
of the data including data from all participant groups to establish inter-rater reliability.
The intraclass correlation (Shrout & Fleiss, 1979) established high inter-rater reliability
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RT

Figure 2. Acoustic measure of RT.

for RT measures: ICC (2,1) = .99; the average difference between raters was 0.22 ms.
RTs were measured for correct responses as well as responses with distortions of speech
sounds (57 trials), where the target sound was clearly recognizable. Inclusion of
distortions was deemed justified in these cases because the response suggests that the
participant had selected the appropriate motor program for the target. In total, 10% of the
data (599 trials) were regarded erroneous and were excluded from the RT analysis. In
addition, all RTs with the absolute values of less than 300 milliseconds were removed as
outliers (17 observations, 0.3 % of the data).
The error rate itself served as the secondary dependent variable for this study.
More specifically, the reprogramming paradigm can produce two types of errors that are
of interest. First is a general category of speech errors that includes all responses that
were not the responses specified by the target word (for example, fin instead of bill).
These errors will be termed ‘speech errors’ from here forward. The second error type is a
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more specific category which provides direct evidence for the idea that the program for
the prime word competed for selection with the program for the target word. This
category of errors will be referred to as intrusion errors from here forth and it includes
errors where the participant said the prime or part of the prime instead of the target, e.g.,
‘pill’ for ‘bill’, or ‘pi-bill’ for ‘bill’ respectively when the prime was ‘PILL’ and target
‘bill’. Hence, intrusion errors are a subclass of speech errors. To assess the reliability of
speech error coding, an independent rater judged two blocks of trials for each participant
with AOS and /or aphasia (1/6 of all data). Results indicated high agreement between
raters (speech errors: 96.9% and intrusion errors: 98.2%).
In addition to speech errors, two more types of responses were tallied and
excluded: responses that preceded the go-signal – the too-early-errors (0.5% of all trials),
and trials that were lost for other reasons (0.9% of all trials), e.g. inattention at the time of
the go-signal, background noise, failures to respond. While there were very few tooearly-errors all together in this study, the number of too-early-errors were the largest in
the aphasia group (1%) and smallest in the AOS group (0.1%) with the control group in
the middle (0.5%).
RTs were analyzed statistically with Linear Mixed Effects Modelling in R,
version 3.3.2 “Sincere Pumpkin Patch” (R Core Team, 2016) with packages lme4,
version 1.1-12 (Bates, Maechler, Bolker, & Walker, 2016) and lmerTest, version 2.0-33
(Kuznetsova, Brockhoff, & Christensen, 2016). Errors were analyzed with Generalized
Linear Mixed Models which is the analogue of Linear Mixed Effects Models for
binomially distributed data (Jaeger, 2008) and it was implemented within the same
software. The statistical approach of Linear Mixed Effects Model has several advantages
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for analyzing these data over the traditional approach of separate by-subject and by-item
approach in ANOVA. Namely, Linear Mixed Effects Models allow simultaneous
modeling of the random effects that are associated with subjects and items. Furthermore,
in addition to modelling the intercept of random effects, it is also possible to model their
slopes. This allows the model to control for the possibility that the effect of the
experimental manipulation may be different for each participant. Finally, each trial is
modeled separately in linear mixed effects models without aggregating the data over
subjects and items. As a result, this approach is less susceptible to missing data and
unequal group sizes (Baayen, Davidson, & Bates, 2008). All these considerations are
important in the context of the present study where variability between participants,
particularly in the AOS and aphasia groups, is expected, where speech errors lead to
missing data points for the reaction time analysis, and where groups are not equal in size.
Results
Error Analysis
As a first pass, all errors including speech errors and intrusion errors were
analyzed with a Generalized Linear Mixed Models for binomially distributed data
(Jaeger, 2008). The primary interest was on the two-way Group x Condition interaction
so we constructed two models for each dependent variable (speech errors and intrusion
errors) where Group, Condition9, and Group x Condition interaction served as fixed
effects and intercepts for Subjects and Items served as random effects (glmer (Error ~
Group * Condition + (1|Subject) + (1|Item)). Regrettably, neither of the models including

9

Trials in the Identical condition were removed for the model with intrusion errors as the
dependent variable because intrusion errors by definition are not possible in this
condition – the prime and the target are identical words.
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the interaction term converged and therefore six separate models were constructed for
both dependent variables with Condition as the only fixed effect (glmer (Error ~
Condition + (1|Subject) + (1|Item)); two additional models (one for each type of error)
were constructed to examine the group differences (glmer (Error ~ Group + (1|Subject) +
(1|Item)). The reference category was changed for every model to yield comparisons
between all possible pairs of conditions and Groups.
All speech errors. We start by discussing the results for the models that included
all speech errors as the dependent variable for each group (see Figure 3). In the control
group, all switch conditions yielded significantly greater number of errors than the
Identical condition (Similar PM: z=6.83, p<.001; Similar VM: z=4.07, p<.001; and
Different: z=4.45, p<.001). In addition, there were more errors in Similar PM condition
compared to Different (z=2.08, p<.05) and compared to Similar VM (z=-2.36, p<.05).
Similar to the control group, all switch conditions yielded more errors also in the aphasia
group (Similar PM: z=4.63, p<.001; Similar VM: z=4.13, p<.001; and Different: z=4.30,
p<.001). No other comparisons were statistically significant. In the AOS group, two
switch conditions differed significantly from the Identical condition (Similar PM: z=4.69,
p<.001; and Different: z=4.69, p<.001) while Similar VM condition did not yield more
errors than the Identical condition. The Similar VM condition had also fewer errors than
the Different condition (z=-3.00, p<.01) and the Similar PM condition (z=-3.27, p<.01).
The Different condition did not differ from the Similar PM condition. Finally, both
patient groups differed from the Control group in terms of the number of overall speech
errors (AOS: z=5.69, p<.001; Aphasia: z=4.21, p<.001) but did not differ from one
another (z=-1.56, p>.05).
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% of all trials

All Speech Errors
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5
0
Identical

Similar PM
Control

AOS

Similar VM

Different

Aphasia

Figure 3. All speech errors. Error bars represent the standard error.

Intrusion errors. As mentioned earlier, a clear effect of the experimental
manipulation is manifested in the intrusion errors because they provide direct evidence of
the interference from the primes: primes were prepared for production, held on to until
the go-signal, and indeed sometimes even produced instead of the target. Intrusion errors
are represented in Figure 4. In the control group, Similar PM condition produced the
largest number of intrusion errors differing significantly from both the Similar VM
condition (z=-2.57, p<.01) and the Different condition (z=-2.94, p<.01). In the aphasia
group, there were no significant differences between conditions. The AOS group
produced similar intrusion error patterns to the control group except in the context of
numerically even larger differences between the Similar PM condition and other
conditions (Similar VM: z=-3.22, p<.01; and Different: z=-3.22, p<.01). Again, both
patient groups differed from the Control group (AOS: z=2.43, p<.05; Aphasia: z=2.15,
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p<.05) but did not differ from one another (z=-0.40, p>.05) in terms of the number of
overall intrusion errors.

Intrusion Errors

% of all trials

20
15
10
5
0
Identical

Similar PM
Control

AOS

Similar VM

Different

Aphasia

Figure 4. Intrusion errors.

Reaction times
Group data. Mean RT by group and condition are presented in Figure 5. The two
hypotheses of this study make different predictions about the effect of the experimental
conditions across the three groups of speakers. In statistical terms, the primary point of
interest lies in the two-way interaction between the Group and Condition. Accordingly,
we constructed a linear mixed effects model with RT as the dependent variable and
Condition, Group, and the two-way interaction between Condition and Group as the
primary fixed effects of interest. However, to control for potential fatigue or practice
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Reaction time
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Figure 5. Mean RT by group and condition.
effects as well as for the variable delay between the button press (indicating readiness to
respond) and the target onset, Run and Variable Delays were also included as fixed
effects. The intercepts for participants and items were included as random effects.
Finally, because the assumption that the effect of Condition is uniform across all
participants is likely inaccurate for these data (at least according to one of the
hypotheses), by-subject random slopes for the effect of Condition were also included in
the model. The final formula for the model was as follows: RT ~ Condition * Group +
Run + Variable Delay + (1 + Condition | Subject) + (1|Target).
Residuals were visually inspected for homoscedasticity of variance across the
fitted values. To assess the normality of the residuals, skewness and kurtosis was
calculated (skewness = 1.81; kurtosis = 11.79). While the skewness of the residuals was
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in the acceptable range, the high kurtosis calls for a data transformation, such as logtransformation or reciprocal transformation, to be considered. However, such treatment is
unwarranted for the present dataset for three major reasons. First, it is clear from Figure 5
that the RTs are overall considerably longer for the AOS group compared to the other
two groups. This means that the data for the AOS group would be affected proportionally
more by the transformations than the data for the other groups. Hence, by transforming
the data, we would risk masking the effect of primary interest. Second, linear mixed
effects models are considered robust to the effect of minor deviations from normality
(Gelman & Hill, 2007). Third, log or reciprocal transformations would be warranted if

RT (ms) in the Identical condition

Control group (N=25)
800
700
600
500
400
300
200
0

50

100

150

200

Switch cost (ms)

Figure 6. Correlation between the switch cost and RT in the Identical
condition.

there is a relationship between the difference of interest between conditions and the
overall RT in the control group data (Salthouse & Hedden, 2002). Such a relationship is
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absent in the control group data for the present study: correlation between the reaction
time in the Identical condition and the switch cost was close to zero (r=-0.11, p>.05; see
also the scatterplot in Figure 6). With these considerations, the statistical analysis was
performed on unaltered RT values.

The statistical model yielded a significant effect of Group on the overall RT.
More specifically, in comparison to the Control group, the overall RTs were slower in the
Aphasia group (t=2.47, p<.05) and in the AOS group (t=6.01, p<.001); the latter two
groups differed as well (t=-3.20, p<.01). There was also a significant effect of Condition.
Namely, RTs in all switch conditions were significantly longer compared to the Identical
condition (Similar PM: t=8.69, p<.001, Similar VM: t=8.36, p<.001, Different: t=8.31,
p<.001). Most importantly, the two-way interaction between Group and Condition was
also significant. Compared to the Control group, the differences between the Identical
condition and all switch conditions were larger for the AOS group (comparison with
Similar PM: t=4.78, p<.001, Similar VM: t=-4.05, p<.001, and Different: t=5.73,
p<.001). The Aphasia group did not differ in the magnitude of the switch cost from the
controls (t≤1.15, p>.05 for all comparisons with the Identical condition) but did differ
from the AOS group (comparison with Similar PM: t=-3.62, p<.001, Similar VM: t=2.55, p<.05, and Different: t=-4.12, p<.001). Finally, Run and Variable Delay also
affected the RTs. With the first run as the reference category, the second run had
significantly shorter RTs (t=-7.52, p<.001) and so did the third (t=-11.95, p<.001) and
fourth run (t=-12.74, p<.001); longer delays between button press and target onset (The
Variable Delays factor) were associated with shorter RTs (t=-4.91, p<.001).
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To test the differences between the two Similar conditions compared to the
Different condition, we ran the same model again with the Different condition rather than
the Identical condition as the reference category. Interestingly, the Similar VM condition
had significantly shorter RT overall (t=-2.25, p<.05). This difference was driven by the
AOS group: the model detected a significant interaction between the Group and
Condition in that the difference between the Similar VM and Different conditions was
significantly smaller in the control group (t=2.19, p<.05) and the aphasia group (t=2.00,
p<.05) compared to the AOS group. The difference between the Different condition and
the Similar VM condition was comparable between the control group and the Aphasia
group.

Table 5. RT means (in milliseconds) and switch cost values (in milliseconds) for
individual patients.
Condition means
Switch Costs
Partic. ID
Ident
Sim
Sim
Diff
Sim
Sim
Diff
PM
VM
PM
VM
AOS 001
951
1094
984
1022
143
33
71
AOS 002
997
1215
1266
1219
218
269
221
AOS 003
687
755
800
878
67
112
190
AOS 004
494
566
550
560
72
55
65
AOS 005
802
1062
1048
1040
260
246
238
AOS 006
739
897
884
915
159
145
177
AOS 007
659
989
871
985
330
212
326
APH 001
510
584
628
582
74
118
72
APH 002
787
856
846
910
69
59
123
APH 003
563
645
660
668
82
97
105
APH 004
495
545
605
605
50
110
110
APH 005
606
725
715
656
119
109
50
AOH 006
505
642
575
568
137
71
64
APH 007
624
692
686
728
68
62
104
APH 008
568
671
682
651
103
114
83
APH 009
716
852
840
843
137
124
128
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Individual data. Group level analysis revealed clear differences between the
experimental groups in the reaction time patterns as well as errors. However, we were
also interested in whether the group level differences can be observed for individual

Table 6. Bayesian Standardized Difference Test results for individual patients’ RT; pvalues are reported for a 1-tailed test; significant effects are bolded, trends (p<.01)
italicized.
Identical vs
Identical vs.
Identical vs.
Different
Similar PM
Similar VM
AOS 001
p
0.30
0.34
0.33
Z-DCC
-0.65
0.52
0.55
95% CI
-2.34 to 1.02
-1.05 to 2.11
-1.02 to 2.15
AOS 002
p
0.07
0.00
0.03
Z-DCC
-2.07
-4.66
-2.59
95% CI
-4.14 to -0.08
-7.26 to -2.22
-4.73 to -0.52
AOS 003
p
0.31
0.17
0.02
Z-DCC
0.50
-1.01
-2.28
95% CI
-0.22 to 1.25
-1.91 to -0.15
-3.44 to -1.20
AOS 004
p
0.42
0.35
0.44
Z-DCC
0.19
0.37
0.14
95% CI
-0.20 to 0.58
-0.03 to 0.78
-0.25 to 0.53
AOS 005
p
0.00
0.00
0.00
Z-DCC
-3.15
-4.01
-3.15
95% CI
-4.83 to -1.57
-5.90 to -2.25
-4.82 to -1.58
AOS 006
p
0.14
0.06
0.049
Z-DCC
-1.20
-1.75
-1.91
95% CI
-2.29 to -0.16
-2.94 to -0.62
-3.12 to -0.75
AOS 007
p
0.00
0.00
0.00
Z-DCC
-4.71
-3.15
-5.18
95% CI
-6.47 to -3.12
-4.47 to -1.94
-7.06 to -3.48
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APH 001
p
Z-DCC
95% CI
APH 002
p
Z-DCC
95% CI
APH 003
p
Z-DCC
95% CI
APH 004
p
Z-DCC
95% CI
APH 005
p
Z-DCC
95% CI
APH 006
p
Z-DCC
95% CI
APH 007
p
Z-DCC
95% CI
APH 008
p
Z-DCC
95% CI
APH 009
p
Z-DCC
95% CI

0.43
0.17
-0.22 to 0.56

0.16
-0.99
-1.49 to -0.51

0.48
0.03
-0.36 to 0.42

0.29
0.61
-0.41 to 1.66

0.47
0.08
-0.98 to 1.15

0.26
-0.73
-1.89 to 0.40

0.46
0.07
-0.36 to 0.52

0.28
-0.57
-1.08 to -0.08

0.27
-0.60
-1.11 to -0.11

0.26
0.62
0.20 to 1.07

0.21
-0.80
-1.26 to -0.36

0.21
-0.79
-1.25 to -0.34

0.28
-0.60
-1.20 to -0.01

0.20
-0.86
-1.51 to -0.24

0.27
0.60
0.08 to 1.15

0.14
-1.08
-1.60 to -0.59

0.47
0.06
-0.33to 0.45

0.41
0.21
-0.17 to 0.61

0.33
0.43
-0.13 to 1.00

0.44
0.14
-0.43 to 0.72

0.30
-0.51
-1.15 to 0.10

0.37
-0.33
-0.81 to 0.14

0.17
-0.94
-1.53 to -0.39

0.44
-0.13
-0.60 to 0.32

0.23
-0.80
-1.74 to 0.12

0.12
-1.28
-2.31 to -0.29

0.20
-0.89
-1.85 to 0.03

speakers. To that end, we used the Bayesian Standardized Difference Test (Crawford,
Garthwaite, & Porter, 2010) which provides a method for comparing a difference
between two tasks (in this case two experimental conditions) in an individual participant
to the same difference in the control group. We tested the difference between the
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Identical condition and all three of the switch conditions separately for each speaker in
the AOS group and the Aphasia group; results are summarized in Table 5 and 6. Overall,
the individual data support the group-level results. Five of the seven speakers with AOS
demonstrated a significantly larger switch cost in at least one switch condition compared
to the control group. For illustrative purposes, the average switch cost for every speaker
is represented graphically in Figure 7.

Switch cost
300
250

ms

200
150
100
50
0
Control

Aphasia

AOS

Figure 7. Switch cost of individual speakers.

In contrast to the speakers in the AOS group, none of the speakers in the Aphasia
group differed significantly from the control group in terms of the switch cost regardless
of the specific switch condition.
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Discussion
This study was designed to examine the speech motor planning impairment in
apraxia of speech and aphasia. More specifically, two hypotheses were identified from
the AOS literature, conceptualized in a current model of speech production, and tested
against one another in a reaction time paradigm that occasionally required rapid
switching between phonetically similar words. The purpose of the study was two-fold: to
specify the nature of the speech motor planning impairment in AOS with regard to the
hypotheses and to test the specificity of this impairment to AOS. Before discussing the
data in relation to these goals, we will briefly review the results from the control speakers
because their performance on the experimental task serves as the foundation for drawing
conclusions about the performance of the speakers with AOS and/or aphasia.
Control group
The RT results from the control speakers replicate previous findings (Jones et al.,
2010; Meyer & Gordon, 1985; Spencer & Rogers, 2005; Spencer & Wiley, 2008; Yaniv
et al., 1990) by revealing a significant switch-cost: RTs were slower in the switch
conditions where the prime did not match the target compared to the Identical condition
where the prime and target were the same words. This finding suggests that the basic
manipulation of this experiment was effective, since the extra processing required to
inhibit the prepared response and select a new response in the switch condition was
evidenced in longer RT and more errors – it shows that speakers prepared the response in
advance rather than simply say the word on the blue screen without preparation. In
contrast to previous findings (D. E. Meyer & Gordon, 1985; Rogers & Storkel, 1998),
however, we did not find a significant RT difference between the Different condition and
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the Similar conditions. There are a couple of possible explanations for this discrepancy in
findings.
First, unlike previous studies, we used a different font type between the PRIME
and the target to break up the visual continuity between the two. It is possible that part of
the similarity effect in earlier studies is attributable to visual similarity. Some sounds that
share articulatory features are represented with graphemes that also share visual features
and are therefore more difficult to visually tell apart. Compare, for example, ‘b’ and ‘d’
to ‘b’ and ‘s’ or ‘b’ and ‘f’.
Second, it is possible that the phonetic similarity effect changes with age. Our
control group was age-matched to our patient groups so they were considerably older
than the college-age participants in previous studies (e.g., Meyer & Gordon, 1985;
Rogers & Storkel, 1998). Older adults show larger switch cost for other cognitive
domains (e.g., task switching; Hirsch, Schwarzkopp, Declerck, Reese, & Koch, 2016)
and by analogy it is possible that also switching between similar words shows age-related
differences. We are currently following up on this possibility in a separate study that
includes data from younger adults within the same paradigm.
Finally, it is possible that the self-select modification to the reprogramming
paradigm affected the phonetic similarity effect. Spencer and Wiley (2008) studied the
effect of inter-stimulus interval (duration between prime onset and target onset) on
reprogramming operations and found that the switch-cost was larger at shorter interstimulus intervals. They further argued that the neural activation for the prime word is
strongest at shorter inter-stimulus intervals which renders the competition from the prime
also the strongest at short durations between the prime and target presentations. To make
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sure that the speakers with AOS and/or aphasia had enough time to prepare the response,
we modified the task by allowing the participants to study the prime until they themselves
determined that they are ready to respond (the self-select paradigm; Maas et al., 2008).
This modification extended the duration between the prime and target presentations
beyond the variable delay period that was under the experimental control. The extended
delay, in turn, may have contributed to the decay of the prime activation, making it more
difficult to detect small effects of the reprogramming operations such as the phonetic
similarity effect.
The phonetic similarity effect absent in the RT data was evident, however, in the
error patterns. Namely, the error rate was significantly greater in the Similar PM
condition compared to the Different condition for the control group. This effect was
largely driven by the intrusion errors where participants produced the prime instead of the
target, providing further evidence that the primes competed for selection in this task, and
the competition was most difficult to resolve in the Similar PM condition. This aligns
well with the RT data which also demonstrated the longest latencies in the Similar PM
condition, and indicates that it was not a speed-accuracy tradeoff that drove these error
and RT results.
Speakers with AOS
Group-level data. A switch-cost was evident also for the AOS group. More
importantly, the switch-cost in the AOS group was greater in magnitude compared to the
Control group and the Aphasia group. The disproportionately large switch cost in the
AOS group was predicted by the Program Retrieval Deficit Hypothesis, lending support
to the idea that people with AOS have difficulty with activating the intended motor
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program particularly in the context of competing alternatives. These results substantiate
the results of Mailend and Maas (2013) where speakers with AOS also showed
disproportionally long reaction times in the context where competing motor programs
were activated via an auditory distracter. Taken together, these results provide strong
evidence that access to the speech motor programs is part of the speech motor planning
impairment at least in some individuals with AOS.
The RT findings from the AOS group are not consistent with the idea of a reduced
buffer capacity which limits the speakers’ ability to plan more than one motor program at
a time because the paradigm used in this study only required the planning and buffering
of one item at a time. Deger and Ziegler (2002) also argued against the Reduced Buffer
Capacity Hypothesis based on their finding that speakers with AOS take longer to initiate
a sequence of two different syllables (e.g., da-ba) compared to a sequence of two
identical syllables (da-da). They suggested that the Reduced Buffer Capacity Hypothesis
cannot explain these results because the syllable that is loaded to the buffer first is
identical in both cases, which should be reflected in the reaction time. Nevertheless, since
the Reduced Buffer Capacity Hypothesis predicted null findings, some caution is
warranted in rejecting the Reduced Buffer Capacity Hypothesis based on these data
alone.
The overall slower RTs in the AOS group are also in line with the Program
Retrieval Deficit Hypothesis. This finding suggests that reading out motor programs from
the motor planning buffer may be difficult for some speakers without AOS even without
competing activation from alternative motor programs; the Reduced Buffer Capacity
Hypothesis makes no such prediction and would have to assume some additional
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impairment to account for such overall slowed RT. In terms of the DIVA/GODIVA
model, selecting the intended motor program to be passed on to the next processing stage
requires reaching a certain activation level for the motor program representation (Civier,
Bullock, Max, & Guenther, 2013). It is possible that, at least in some speakers with AOS,
accumulating the necessary activation requires more time than in typical speakers and
that is what is reflected in the slower RT in the Identical condition for speakers with
AOS. Previous studies have made similar arguments about the slow accrual of
phonological activation in the speakers with AOS (Maas, Gutiérrez, & Ballard, 2014;
Rogers, Redmond, & Alarcon, 1999). One possibility is that the impairment in AOS
slows the processing in several speech production stages independently, or as discussed
by Maas and colleagues the seemingly slow accrual of phonological information may be
caused by a slowdown in the subsequent stage in speech production – the speech motor
planning stage – which is effectively creating a bottleneck for the flow of activation
between these two stages. Finally, because the speech motor programs are activated by
the representations at the phonological level, it is also possible that the problem at the
speech motor planning level really has its roots in the input to the speech motor planning
stage. The RT in the Identical condition was not slower for all speakers, however, and the
reader is referred to the discussion on individual RT patterns below.
The error data for the AOS group is consistent with the RT time data arguing
against the possibility of speed-accuracy tradeoffs. Speakers with AOS committed the
largest number of speech errors in the Similar PM condition where they also exhibited the
longest RTs; the smallest number of errors was observed in the Similar VM condition
which also exhibited the shortest RTs amongst the switch conditions for this group. But
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the most outstanding pattern was observed in the intrusion errors which are of particular
interest in the context of this study. While the source of other speech errors is impossible
to pinpoint, intrusion errors reflect unsuccessful resolution of the competing activations
between the prime and the target. In that light, it is striking that the intrusion error pattern
for the AOS group mimics that of the control group except the effect, much like the
switch-cost effect in RTs, is times greater in magnitude. To review the results more
precisely, speakers with AOS had the largest intrusion error rate in the Similar PM
condition, once again suggesting that the speech motor planning operations are most
affected by the competition from programs that share all but the voicing feature of the
onset consonant. In sum, the intrusion error analysis perfectly complements the
exaggerated switch cost in the RT analysis and thereby provides further support to the
Program Retrieval Deficit Hypothesis.
Individual speakers. The analysis of the individual speakers aligned with the
primary analysis of group RTs. Five of the seven speakers with AOS showed a
significantly larger switch-cost than the control group in at least one condition. Two
speakers, however, (AOS 001 and AOS 004) did not differ from the control group in the
switch-cost measure. Despite this similarity in the switch cost, these individuals differed
from one another considerably in terms of the background variables as well as the overall
RTs. For AOS 004 the typical switch cost occurred in the context of RT that was similar
to the control group in the Identical condition. AOS 004 had a mild AOS, suggesting that
perhaps the task may not be sensitive to mild impairments or that his AOS is
characterized by different speech motor planning impairments. As speech motor planning
involves a complex set of processes, it is not unreasonable to assume that different
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components of this speech motor planning system can be impaired (see Maas et al., 2015
for discussion of subtypes). AOS 001, in contrast, had considerably slower RT in the
Identical condition (more than twice as long as the average RT for that condition in the
control group). It is possible that long overall RT in the Identical condition signifies a
different, or additional problem of speech motor planning that masked any switch-cost
effects.
It must be stated that these analyses of the individual-level data for speakers who
did not show the group pattern are speculative, the more that for both of these cases, we
can find a counter case who did show the group pattern in the context of similar
background variables. For example, AOS 007 had a mild AOS with RT close to normal
within the Identical condition, much like AOS 004, yet he showed a switch cost more
than twice as large compared to the control group. AOS 002 had a moderate AOS and
long RT in the Identical condition much like AOS 001, but unlike AOS 001,
demonstrated switch costs more than twice as long as the control group. Overall, the
findings from this study indicate promise for diagnostic purposes. However, the fact that
two of the seven speakers with AOS did not differ significantly suggests that this task,
like most other tasks and measures, is unlikely to provide perfect diagnostic accuracy and
may include false negatives (though no false positives, at least in this sample).
In sum, all the major sources of evidence in this study (group-level RT pattern,
RT pattern at the level of the individual for most speakers, and intrusion error data) are in
line with and predicted by the Program Retrieval Deficit Hypothesis. Furthermore, other
hypotheses in the literature cannot account for these data without making additional
assumptions. The possibility remains that the alternative hypotheses account for some
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aspects of the impairment in AOS, but the findings from this study and from Mailend and
Maas (2013), together provide strong evidence that they are at least incomplete. The
combined findings from several studies provide strong evidence in support of the
Program Retrieval Deficit Hypothesis, and we hope, stimulate future research to further
specify the hypothesis and to develop ways in which we could take advantage of this
knowledge in differential diagnosis and treatment of AOS.
Speakers with Aphasia
Our second aim was to test whether the speech motor planning impairment is
specific to apraxia of speech. In other words, our task detected an impairment in the AOS
group by producing RT patterns that were different from the control group. Furthermore,
the RT patterns differed from the control group in a way that was predicted by the
Program Retrieval Deficit Hypothesis. But this alone does not warrant the claim that the
detected deficit is at the core of the apraxic impairment. After all, most of the speakers in
the AOS group also had aphasia and all of them had brain damage. To discuss the second
aim in relation to the present results, we turn to the performance of the aphasia group.
The aphasia group showed a switch cost comparable to the control group at the
group level as well as at the level of the individual: none of the speakers in the Aphasia
group differed significantly from the control group in terms of the switch cost regardless
of the specific switch condition or overall reaction time. This finding indicates that the
exaggerated switch cost is specific to the AOS group in this study, consistent with the
notion that the detected speech motor planning impairment is specific to AOS.
In terms of errors, the aphasia group resembled the AOS group in the overall rate
of errors but the pattern of errors by conditions, particularly for intrusion errors, looked
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much different for the aphasia group. While the Control and the AOS group had a
significantly larger error rate in the Similar PM condition compared to other switch
conditions, there were no significant differences between the switch conditions in the
aphasia group. This may suggest a different cognitive mechanism as the source of
intrusion errors in this group. For example, they may result from a more general cognitive
ability, such as attention or inhibition. For example, some of the intrusion errors in the
aphasia group may have resulted from difficulty with waiting for the go-signal. This
interpretation is supported by the fact that the too-early-responses were twice as common
in the aphasia group compared to the control group and 10 times more common
compared to the AOS group. Taken together, these findings are consistent with the notion
that the pattern observed for the AOS group here reflects speech motor planning
impairment, and that this impairment is specific to AOS and not to aphasia or brain
damage more generally.
The differential performance between the aphasia and the AOS group also
provides further support for the interpretation that the reprogramming paradigm used in
this study taps into the speech motor planning operations. The task requires that the
participants plan the target word in switch conditions during the RT, and therefore, an
alternative possibility could be that the increased RTs in the AOS group speaks to
difficulties with phonological planning and not speech motor planning. We outlined
several arguments against this interpretation in the introduction of this study but the
differential performance between the AOS and the aphasia group significantly adds to the
arguments that favor the speech motor planning interpretation of this task and validates
our initial assumption of this task. Most of the speakers in the aphasia group also
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generated phonemic paraphasias indicative of phonologic impairments. If the
reprogramming task were sensitive to phonologic planning deficits as well, or instead of,
speech motor planning operations, then we should have observed the exaggerated switchcost also in the aphasia group. With these considerations, the parsimonious assumption is
that this task did indeed tap the speech motor planning phase in speech production.
Relations Between Switch Cost and Working Memory
All participants in both patient groups performed below the control group mean
on the short-term and working memory measures (except AOS 004 on Forward Span) but
the AOS group did not differ from the Aphasia group on either the Forward or Backward
Picture Span. Lower working memory performance in these populations is consistent
with previous studies that have reported working memory deficits in AOS (Hickok et al.,
2014; Rochon, Caplan, & Waters, 1990; Waters, Rochon, & Caplan, 1992) and the
numerous studies that have reported working memory deficits in aphasia (e.g., Caplan &
Waters, 1995; DeDe et al., 2014; Mayer & Murray, 2012; Minkina, Rosenberg, KalinyakFliszar, & Martin, 2017). The difference between the patient groups on the experimental
task and the lack of difference on the working memory task suggests that the result of the
current experiment are not driven by a short-term memory or working memory
impairment. But the opposite remains a possibility: speech motor planning buffer
impairments could explain short-term memory or verbal working memory impairments in
people with AOS.
Acheson and MacDonald (2009b) proposed the Language Production Hypothesis
in working memory according to which we use our ability to buffer an upcoming part of
an utterance within the language production system to complete a working memory task.
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More specifically, the classic working memory model of Baddeley and Hitch (1974)
suggests that our working memory system includes a phonological store where units of
speech can be held for short periods of time and the content of which can be refreshed via
an articulatory loop. Recent studies have provided evidence that these working memory
constructs are dependent on a language production system such that the task of refreshing
the content in the phonological store via the articulatory loop is in fact accomplished via
sustained loops between the phonological encoding and speech motor planning (Acheson,
Hamidi, Binder, & Postle, 2010; Acheson & MacDonald, 2009a). If successful
completion of a working memory task is dependent on the integrity of both phonological
encoding operations (often impaired in aphasia) and speech motor planning operations
(impaired in AOS), then it should not be surprising that we see working memory deficits
in both patient groups but speech motor planning deficits, such as the exaggerated switchcost, only in one.
Clinical Implications
Explicitly or implicitly, most speech production treatment programs are guided by
an underlying assumption about the nature of the impairment that they are designed to
remedy. For AOS, the largest class of treatments and most studied class of treatments
(Ballard et al., 2015; Wambaugh, Duffy, McNeil, Robin, & Rogers, 2006) are
articulatory in nature (e.g., Sound Production Treatment; Wambaugh, Martinez, McNeil,
& Rogers, 1999). These treatments involve repeated practice of certain speech sounds or
speech sound combinations that are difficult for the client. Thus, the underlying
assumption of these treatments appears to be that the speech motor programs are
damaged in AOS and they can be re-established via repeated and carefully guided
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practice. Research has shown that people with AOS make gains in this type of therapy
but the response to treatment appears to have significant individual variability and it is
often hard to determine before the treatment who will benefit from it and who will not
(Bailey, Eatchel, & Wambaugh, 2015).
The findings from the current study suggest that underlying impairment in AOS
(at least for some speakers) involves a difficulty retrieving speech motor programs and
that this difficulty can be artificially increased by introducing competition between
different speech motor programs. If this is the core impairment in AOS, these findings
may prove useful for developing new treatments for AOS that target this impairment
specifically. For example, people with AOS may benefit from a treatment that involves
rapid switching between phonetically similar words. Further investigation into the factors
that increase competition for the selection of a given speech motor program may help
tailor the difficulty level according to the severity of the speakers’ impairment.
The results of this study may also prove useful for designing clinical tools for
differential diagnosis of AOS since the exaggerated switch-cost appears to be specific to
AOS. Acquiring data with a RT paradigm, e.g., the reprogramming paradigm used in the
current study, is a time-consuming process that may not be feasible for clinical practice at
present. Furthermore, not all participants with AOS and/or aphasia are able to complete
this task. Nevertheless, the present findings help determine the underlying processes on
which a diagnostic tool could capitalize. Currently, the program retrieval deficit appears
to be a strong candidate. It is conceivable that, if supported in further studies, a clinically
feasible version of this task could be developed to assess the integrity of the program
retrieval process in individuals with speech production impairments.
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CHAPTER IV
EXAMINING THE INTEGRITY OF THE SPEECH MOTOR PLANNING BUFFER IN
APRAXIA OF SPEECH AND APHASIA

- Manuscript prepared for publication -
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Abstract
The purpose of this study was to investigate the underlying nature of apraxia of speech
(AOS) by testing two competing hypotheses that focused on the function of the
articulatory buffer. The Reduced Buffer Capacity Hypothesis argues that people with
AOS can hold only one syllable at a time in the speech motor planning buffer (Rogers &
Storkel, 1999). The Program Retrieval Deficit Hypothesis states that people with AOS
have difficulty retrieving the intended motor program from the buffer when the buffer
also contains other programs (Mailend & Maas, 2013). The experimental paradigm
required participants to plan and hold a two-word utterance until a go-signal prompted a
spoken response. Target words always shared the rimes while the phonetic similarity of
the onset consonants was manipulated between conditions. The dependent measures were
reaction time and the onset-to-onset interval (duration between the onset consonants of
the two words) of correct responses. Data from six speakers with AOS and concomitant
aphasia, ten speakers with aphasia without AOS, and 24 age-matched control speakers
revealed a group by condition interaction: speakers with AOS had longer reaction times
and onset-to-onset intervals for conditions with two different words compared to two
identical words. The Control and the Aphasia group did not show this effect. These
results support the Program Retrieval Deficit Hypothesis of AOS and suggest that
speakers with AOS need additional processing time to retrieve target words when
multiple motor programs of phonetically related words were activated in the buffer.
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Apraxia of speech (AOS) is a motor speech disorder that can significantly impede
successful communication by reducing speech intelligibility and naturalness (Duffy,
2005; Haley, Wertz, & Ohde, 1998). Considerable progress in AOS research has been
made over the last decades in terms of AOS diagnosis (Haley, Jacks, de Riesthal, AbouKhalil, & Roth, 2012; McNeil, Robin, & Schmidt, 2009; Strand, Duffy, Clark, & Josephs,
2014) and treatment (for overview, see Ballard et al., 2015; Wambaugh, Duffy, McNeil,
Robin, & Rogers, 2006). However, speakers with AOS show a differential response to
the existing treatments (e.g., Bailey, Eatchel, & Wambaugh, 2015; Wambaugh, Nessler,
Cameron, & Mauszycki, 2012) and it is typically difficult to predict for whom will a
certain therapy be effective. Furthermore, even experts with substantial amount of
experience with AOS and neurogenic communication disorders in general do not always
agree on the diagnosis of a specific case (Haley et al., 2012; Maas, Gutiérrez, & Ballard,
2014; Mailend & Maas, 2013). Finally, even though there is general agreement that AOS
affects the speech motor planning stage of speech production (Duffy, 2005; McNeil et al.,
2009), the specific nature of the speech motor planning impairment remains vague and
poorly understood (Ziegler, Aichert, & Staiger, 2012).
The current study is motivated by the thesis that a better understanding of the
underlying impairment in AOS is critical to focus the development of diagnostic
instruments and effective treatment approaches to remediate this speech disorder. The
approach we take to advance toward this long-term clinical goal is the following: we start
by describing a model of typical speech production focusing on speech motor planning
operations, we then consider two proposed mechanisms of speech motor planning
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impairment in the context of this model, and finally, we describe the approach we have
taken in this study to test these hypotheses.
Theoretical background of speech motor planning
Although there are several detailed and well-supported speech production models
to form a theoretical basis for this investigation, this study is based on the DIVA model
(Directions Into the Velocities of Articulators; Guenther, 2016; Guenther, Ghosh, &
Tourville, 2006) and its extension GODIVA (Gradient Order DIVA; Bohland, Bullock, &
Guenther, 2010). The DIVA/GODIVA model is grounded in extensive empirical research
(Guenther, 2016; Perkell, 2012), but in addition, it is more detailed than other models
(e.g., Dell, 1986; Levelt, Roelofs, & Meyer, 1999) at the level of speech motor planning
and its interface with phonological planning. The DIVA/GODIVA model allows us to
draw specific predictions for the hypothesis tested in this study and explicate the
assumptions on which these predictions stand. The purpose of the following review is not
to give a comprehensive overview of this detailed neuro-computational model of speech
motor control; the purpose is instead to outline the aspects that are critical for setting up
the logic of this study.
At the center of the speech motor planning phase, the high-level organization and
control of articulatory movements, is the Speech Sound Map which houses
representations of speech units. These units may correspond to several linguistic entities,
such as phonemes, syllables, words, or even whole phrases for frequently used utterances,
but in most utterances, this representation is thought to correspond to a syllable (the
Speech Sound Map, thus, is much like the syllabary in the Nijmegen model, Levelt et al.,
1999; Guenther et al., 2006). Input to the SSM representations comes from the preceding
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phase of phonological encoding. As the segments in the phonological word become
activated, they start activating the matching Speech Sound Map representations. Both
perfect and partial matches are activated to a degree and compete for selection, but
typically only the best match reaches the selection threshold due to the basal gangliaventral premotor cortex loops that help resolve the competition through parallel
inhibitory and excitatory connections (Civier, Bullock, Max, & Guenther, 2013). In case
there are matches at multiple levels of representations, the largest chunk available will be
picked (Guenther, 2016).
Typically, we speak in utterances that are much longer than a single syllable. This
means that there must be a mechanism responsible for planning the upcoming speech
units simultaneously with speech production, and there must be a way to buffer the
upcoming units before they are selected and sent on to the next processing stage.
Accordingly, in addition to the speech units that are activated to a certain degree because
they represent a partial match to the phonological units, the upcoming units are
simultaneously activated as well. As the unit to be spoken first reaches the selection
threshold and is forwarded to the next stage, its Speech Sound Map representation will be
inhibited and the representation with the next highest activation level can be selected for
production. This architecture also suggests that the competition for selection is strongest
when the upcoming unit in the utterance also represents a partial match to the unit that
must be selected first (e.g., the planning load is larger for “Call Paul!” compared to “Call
Tom!”).
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Apraxic impairment in the context of the DIVA/GODIVA model
According to previous research, several specific mechanisms by which speech
motor planning operations could be impaired in AOS. This study focuses on two of them:
the Reduced Buffer Capacity Hypothesis (Rogers & Storkel, 1999) and the Program
Retrieval Deficit Hypotheses (Mailend & Maas, 2013; McNeil, Pratt, & Fossett, 2004)
within the context of the DIVA/GODIVA model. Both of these hypotheses are supported
by empirical evidence but they have not been tested against one another in the context of
a single experiment.
Primary evidence in support of the Reduced Buffer Capacity Hypothesis comes
from a study by Rogers and Storkel (1999). This study used a parameter remapping
paradigm in which participants prepared two monosyllabic words and then produced
these words repeatedly and as quickly as possible in response to a go-signal. The
phonetic similarity between the two words was varied so that each word pair shared the
rime but differed in the onset consonant by only a single phonetic feature (place of
articulation or voicing) in the Similar condition (e.g., bug-dug, tug-dug) or in all three
distinctive phonetic features in the Different condition (e.g., chug-dug). Because speakers
can prepare both words beforehand and hold them in the buffer, the phonetic similarity
effect (longer duration between words in the similar compared to the different condition,
Rogers & Storkel, 1998) was not expected for typical speakers. That was indeed what
Rogers and Storkel found for their unimpaired control group and for speakers with
aphasia without AOS. In contrast, the results from speakers with AOS indicated a
significant phonetic similarity effect – specifically, the interval between the two words
was significantly longer for the word pair with phonetically similar onsets (pug-tug)
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compared to the dissimilar onsets (pug-jug), indicating that speakers with AOS needed
more processing time to switch between phonetically similar syllables. The authors
attributed the effect to the reduced buffer capacity, according to which speakers with
AOS are only able to plan and buffer a single syllable at a time.
In the context of the DIVA/GODIVA model, this hypothesis suggests that the
capacity of the SSM to plan several speech representations simultaneously is reduced
such that the SSM can hold the activation of only a single Speech Sound Map cell at a
time. This means that in order to produce a multisyllabic utterance that is not represented
by a single cell in the SSM, the speaker with AOS must reach the selection threshold for
the first syllable in the utterance first, and only once the Speech Sound Map cell for the
first syllable in the utterance reaches the threshold activation level can the second syllable
be activated from the representation at the phonological planning level.
An alternative hypothesis was proposed by Mailend and Maas (2013), who found
that people with AOS show longer RTs in a delayed picture-naming task with
competition. Neither the unimpaired speakers nor speakers with aphasia without AOS
showed this interference effect. The authors interpreted these findings as evidence in
support of a Program Retrieval Deficit Hypothesis. People with AOS are able to load
more than one syllable into the speech motor planning buffer just like typical speakers,
but they have difficulty retrieving the correct programs in the intended order when more
than one Speech Sound Map cell is activated in this buffer. This difficulty is predicted to
be greater if the motor programs active in the buffer are phonetically similar, because
both competing programs receive partial activation from one and the same input at the
phonological level.
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The approach of the present study
One of the main difficulties with studying the speech motor planning impairment
in AOS is to identify a task that allows the manipulation of the speech motor planning
level independently form other stages of speech production. Typically, by increasing the
speech motor planning load (e.g., by adding syllables or consonant clusters to the speech
targets) we also increase the difficulty at the phonological planning stage and the
articulation itself. The approach for this study combines several different phenomena in
an attempt to isolate the observed effects to the speech motor planning stage in speech
production.
First, instead of examining the speech output itself, which is the final product of
all the speech production levels combined (e.g., speech errors), we use reaction times
(RT) as the primary measure of interest. This means that we measure aspects of the
speech planning itself, without adding the effects of speech execution into the equation
(Maas & Mailend, 2012). Second, we use a delayed naming task (also called the simple
RT paradigm) where participants have the opportunity to prepare the utterance before the
go-signal is presented (e.g., Klapp, 2003; Laganaro & Alario, 2006; Mooshammer et al.,
2009). Hence, the stages of speech production that precede speech motor planning in
reading out loud, e.g., grapheme-to-phoneme encoding and phonological planning, are
complete before the go-signal is presented (Bohland & Guenther, 2006; Laganaro &
Alario, 2006; Sternberg, Monsell, Knoll, & Wright, 1978). Finally, in order to manipulate
the planning load at the level of speech motor planning, we manipulate the phonetic
similarity between the words planned for sequential production (Meyer & Gordon, 1985;
Rogers & Storkel, 1998; Yaniv, Meyer, Gordon, Huff, & Sevald, 1990). According to the
DIVA/GODIVA model, phonetic similarity between consecutively produced syllables
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should increase competition between the Speech Sound Map representations that are
competing for selection as described above. The phonetic similarity effect has been
established in numerous studies (Meyer & Gordon, 1985; Rogers & Storkel, 1998; Sevald
& Dell, 1994; Yaniv et al., 1990) although not all research designs of the abovementioned studies have made it possible to isolate the phonetic similarity effect to the
stages of speech motor planning.
In sum, the primary aim of the present study was to test competing hypotheses of
the underlying speech motor planning impairment in AOS. A secondary aim was to
examine whether the motor planning impairment is specific to AOS or whether speakers
with aphasia without AOS also exhibit signs of impairment at this processing level.
Specific predictions of the two hypotheses will be derived from the DIVA/GODIVA
model and tested within a simple reaction time paradigm where phonetic similarity
between consecutively produced monosyllabic words is manipulated. Longer RTs and
increased error rate in phonetic similarity conditions compared to dissimilar conditions
will be taken as evidence in support of increased speech motor planning load (see below
for more detailed predictions).
Methods
Participants
Study participants included seven speakers with AOS (five of whom also had
aphasia), ten speakers with aphasia without AOS, and 24 neurologically healthy control
participants. These participants are the same as in Mailend et al. (Chapter III of this
dissertation), except this study has one additional person in the aphasia group (APH 010).
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Hand
Language
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(y;m)
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type1
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AQ1
AOS
rating2
Oral
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Limb
apraxia3
Dysarthria

Age
Sex

AOS
001
79
M

Table1. Participant information.
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4.9
(0.7)
4.2
(0.9)

Control
(N=25)
69(8)
20F,
5M
18(3)
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The groups did not differ in age (F=2.13, p>.05) or years of education (F=0.26, p>.05).
All participants were native or bilingual English speakers: three control speakers and two
speakers with AOS also spoke another language before the age of five, based on selfreport. Ten additional participants were initially recruited for this study but were
excluded from the analysis because they did not meet the inclusionary criteria (no aphasia
according to WAB for two participants initially recruited to the aphasia group) or because
they met the exclusionary criteria (history of dyslexia according to self-report for one
control participant); significant reading difficulties for three speakers with AOS and/or
aphasia; additional neurological or speech diagnosis for three speakers with AOS and/or
aphasia. Finally, data from one control speaker had to be discarded due to a recording
error. All study procedures were approved by the Institutional Review Boards of the
University of Arizona and Temple University. Participants signed a written consent
before taking part in the study and they were compensated for their time at the rate of $10
per hour.
AOS was initially diagnosed by the first author who holds a clinical Master’s
degree in Speech Therapy. Following the example of Haley et al. (2012) the diagnosis
was made on a three-point scale (1=no AOS, 2=possible AOS, and 3=AOS) with one
modification that allowed 1.5 and 2.5 values to indicate “inclination towards no AOS” or
“inclination towards AOS” judgments respectively. The following criteria served as the
basis for AOS diagnosis: (1) slow speech rate, (2) sound distortions and distorted
substitutions, and (3) impaired prosody, particularly syllable segmentation and equal
stress across syllables (i.e., Ballard et al., 2015). These characteristics were assessed from
several different speaking tasks, including conversational speech samples, picture
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description, repetition of words and phrases and diadochokinetic tasks administered in the
context of standardized tests (Apraxia Battery for Adults, 2nd Edition; ABA-2; Dabul,
2000; and Western Aphasia Battery; WAB; Kertesz, 1982). The diagnosis was
subsequently confirmed by an ASHA-certified speech language pathologist who
evaluated each participant independently from video and audio recordings following the
same procedure and criteria. Unanimous agreement between the first and second rater
was achieved for the diagnosis of 13 participants; for 2 additional participants the
disagreement was within half a point, and for 2 participants the disagreement was 1 and
1.5 points respectively. For the two speakers with score discrepancies of one point or
more, a third ASHA-certified speech-language pathologist independently evaluated the
speech samples based on the same criteria and procedures. The final group assignment
was based on the average score of the two raters (or three raters for the two speakers with
discrepant AOS scores): participants with a score of 2 or more were assigned to the AOS
group (Mailend & Maas, 2013), others to the aphasia group. The mean AOS rating for
each participant is indicated in Table 1.
Additionally, the Revised Apraxia of Speech Rating Scale (Clark, Duffy, Strand,
& Josephs, 2016) was used to judge speech samples of all participants with AOS and/or
aphasia to further characterize the participants’ speech and to establish the severity of
AOS. Judgments on the rating scale were based on reviewing video recordings of the
same speech samples used for AOS diagnosis. Results from the rating scale are presented
in Table 2. Note that the suggested cut-score for AOS on the scale (the total of 8 or more
points; Strand et al., 2014) confirms the clinical diagnosis of AOS except for APH 202
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rate
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AOS severity
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Table 2. Results from the Apraxia of Speech Rating Scale (Clark et al., 2016; Strand et al., 2014).
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who scored just in the range of AOS (total score = 8) despite the clinical judgment that
AOS was not present in this speaker.
Aphasia diagnosis was based on the WAB (Kertesz, 1982). All participants with
AOS and/or aphasia were administered a short-term memory and working memory test
that has been psychometrically validated for use with people with language impairments
(forward and backward version of picture span; DeDe, Ricca, Knilans, & Trubl, 2014),
and Mini Mental State Examination (MMSE; Folstein, Folstein, & McHugh, 1975) to
assess general cognitive state of the participants. The two patient groups did not differ
from one another on any of these background variables (WAB AQ: t=0.48, p>.05; Picture
Span Forward: t=1.11, p>.05; Picture Span Backward: t=-0.56, p>.05; MMSE: t=1.28,
p>.05; Time Post Onset: t=1.07, p>.05). Oral mechanism exam (Duffy, 2005) was
administered when dysarthria was suspected (see Table 1).
Materials
The materials consisted of 24 words arranged into 24 word pairs with identical
rimes. All words were monosyllabic with a CVC syllable structure. Speech motor
planning processes were experimentally manipulated by varying the phonetic similarity
between the word onsets. More specifically, the critical manipulation was in the featural
overlap of the onset consonant, which determined the four conditions of the experiment.
In the Identical condition, the word pair was formed by presenting the same word twice
(e.g., bill bill), in the Similar Place and Manner condition (from here forward Similar
PM) the onsets shared all phonetic features except for the feature of voicing (e.g., bill
pill), in the Similar Voicing and Manner condition (from here forward Similar VM) the
onsets shared all but the place of articulation feature (e.g., bill dill) and finally in the
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Different condition, the onsets did not share any phonetic features (e.g., bill fill). The
three conditions where the word pair was formed from two different words rather than
presenting the same word twice are collectively called the switch conditions. Note that
the first sound of each pair was a stop consonant in all conditions and that the first word
of the pair was the same across all four conditions. Both levels of voicing with all
possible places of articulation for the stops in the English language were represented (see
Table 3).

Table 3. Materials by condition.
Identical
Similar PM
teal teal
teal deal
pail pail
pail bail
cane cane
cane gain
bill bill
bill pill
dame dame
dame tame
gall gall
gall call

Similar VM
teal peal
pail tail
cane pane
bill dill
dame game
gall ball

Different
teal meal
pail rail
cane rain
bill fill
dame fame
gall fall

The second word, which differed between conditions, was controlled for relevant
psycholinguistic variables, such as syllable frequency, orthographic neighborhood
density, phonologic neighborhood density, average frequency of the neighbors, mean log
bigram frequency, and mean log biphone frequency (Table 4).
Equipment
The experiment was programmed in E-Prime Software (Version 2; Psychology
Software Tools, Inc., Sharpsburg, PA) and run on a Dell Inspiron 530 computer with a
21.5 inch LCD screen. The experimenter made on-line accuracy judgments and advanced
the experiment via a button box (Serial Response Box; Psychology Software Tools, Inc.).
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Table 4. Summary of the psycholinguistic properties of the second word in each
condition; the first word is identical across all conditions.
Identical
Similar PM
Similar VM
Different
M
SD
M
SD
M
SD
M
SD
Syll
1.23
0.75
1.59
0.70
1.85
0.80
1.84
0.44
freqa
CELEX 0.86
0.65
1.54
0.67
1.22
0.81
1.61
0.36
logb
SLBFc
9.69
0.31
9.73
0.47
9.57
0.68
9.73
0.66
MLBFd 3.23
0.10
3.24
0.16
3.19
0.23
3.24
0.22
SLBPF
5.41
0.77
5.56
0.52
5.69
0.47
5.86
0.58
e

MLBP
2.70
0.39
2.78
0.26
2.84
0.24
2.93
0.29
Ff
Ng
15.66 1.97
12.66
2.73
13.66
3.61
12.33
1.63
h
PN
27.66 5.85
26.50
7.23
27.00
4.81
29.33
5.20
Freq Ni 87.73 49.36
120.00 134.76
78.76 72.66
103.61 74.10
a
Log Syllable frequency regardless of word position and blog total CELEX word
frequency (Baayen, Piepenbrock, & Gulikers, 1995); csummed log bigram frequency and
d
mean log bigram frequency; esummed log biphone frequency and fmean log biphone
frequency, gorthographic neighborhood size; hphonological neighborhood, ifrequency of
orthographic neighbors (Davis, 2005)

An M-Audio Aries condenser microphone (M-Audio, Cumberland, RI) placed on a desk
stand approximately 30 cm from the participants’ mouth recorded the speech responses
on one channel at 44.1 kHz onto a Marantz CDR-420 CD recorder (Marantz America
LLC, Mahwah, NJ). Beeps associated with the onset of the onset of the go-signal were
recorded directly onto the other channel. These beeps were only used for RT
measurement; they were not audible to the participant during the experiment.
Task and Procedure
This study used a simple RT paradigm, in which participants prepared two similar
words in advance and produced these words after a go-signal. The task required
participants to select the intended words for articulation in the specified order and to
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quickly switch between words with varying degrees of similarity based upon the
condition. Since the materials were blocked by the specific target word pairs, each block
started with the presentation of the target words in the upcoming block. Participants were
asked to read the target words out loud before proceeding to the experimental trials. If the
participant struggled with the correct production of the target words, he or she had the
opportunity to practice saying the target words with the experimenter before the first trial
in the block. The timeline of a trial (depicted in Figure 1) was as follows: A red traffic
light together with two written words appeared indicating to the participant to get ready
to produce the words. Once the traffic light turned green (after a variable delay, varying
randomly between 700 and 2400 ms) the participant was asked to immediately say the
words that they had prepared. Following the participant’s response, the experimenter
made an accuracy judgment which also initiated the next trial.

Figure 1. Experimental task.
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Design
This experiment was conducted as part of a larger study which included two
experiments, one of them reported here, the other one elsewhere (see Chapter III). Both
experiments used the same set of materials. Hence, to control for the familiarity with the
material, the order of experiments was counterbalanced between participants within each
group. The experiments were conducted on separate days, 4-5 days apart on average.
Speakers with AOS and/or aphasia also attended a third session for the evaluation of
speech, language, and cognitive function.
The 24 different word pairs were presented in blocked manner with seven
repetitions of the same targets in each block. Incorrect trials were rerun in the end of each
block for up to three times, to minimize data loss due to errors. In the beginning of each
block, the participant was presented with the word pair to appear in the next block.
People with AOS and/or aphasia were asked to read these words out loud before
continuing to the experimental block. If the participant made an error, the experimenter
provided the participant with visual and articulatory cues until the participant correctly
produced the word pair. On occasion, however, the correct production was not achieved
for some participants and the trials had to be discarded for the RT and onset-to-onset
interval analysis (see Errors section under Analysis below). Each block concluded with a
summary slide that reported the average reaction time of the completed block.
Participants were offered an opportunity to take a break between blocks. The presentation
order of the 24 blocks was randomized for each participant. The experiment started with
a practice block of five trials that were not included in the analysis.
Control speakers completed the experiment within 15-20 minutes. For people
with AOS and/or aphasia the completion time was up to 60 minutes depending on the
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time they requested for breaks or for practicing the next word pair before the next block.
With 24 blocks of seven to ten trials per block, there were 168 to 240 trials in total in this
experiment and a minimum of 42 trials presented in each condition.
Analysis
Errors. The primary dependent variables for this study were timing measures:
reaction time (the duration between the go-signal and speech onset) and the duration
between the onsets of the first and second words (see below). These measures were based
on correct responses only. Errors were excluded and analyzed separately, except for
responses with speech sound distortions where the target sound remained clearly
identifiable. The inclusion of distortions was deemed justified because distortion errors
likely involve activating and selecting the intended motor program.
Three different types of errors were identified: (a) speech errors, (b) timing errors,
and (c) other errors. Only the first type, speech errors, were included in the error analysis.
The class of speech errors included all verbal responses where the participant attempted
to say the target words but said something different instead. Among these were responses
with sound substitutions, deletions, omissions, restarts, self-corrections, disfluencies,
semantic substitutions, saying a different word from the experiment, neologisms, etc.
Timing errors included responses that were produced prior to the go-signal (AOS group:
4.70%; Aphasia group: 5.12%; Control group: 1.66%). Other errors included everything
else from inattention, laughter, background noise and trials that were discarded due to
technical failures (AOS group: 2.75%; Aphasia group: 1.95%; Control group: 1.92%).
Inter-rater reliability of error coding was established by a second rater who re-evaluated
all trials of three randomly selected blocks for each participant with AOS and/or aphasia.
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The agreement between raters was 98.14% for presence of error and 92.75 – 98.96 % for
type of error.
Reaction times and onset-to-onset intervals. As mentioned above, the timing
measures were obtained from correct responses (with the exception for including sound
distortions, see above). After the removal of errors, one participant (AOS 003) had only
two trials left per Different condition and therefore his data was not included in the RT
analysis. Next, two customized MATLAB scripts (MATLAB, 2016) were created. The
first script was used to splice the trials in each experiment into separate analysis windows
of pre-specified lengths (see below) starting at the midpoint of the 60-ms beep presented
simultaneously with the go-signal. The second script was used to mark the onset
consonant of the first and second word. For words that started with a stop consonant
(100% of words in the first position and 75% of words in the second position), release
burst marked the onset. The release burst was identified by simultaneous inspection of the
waveform (sudden increase in amplitude) and the spectrogram (sudden increase in
amplitude that spans the visible frequencies of 0-6000 Hz and is continuous with the
signal for the rest of the word). For the 25% of the words in the second position that did
not start with a stop, consonant specific rules were established to mark the onset of the
onset consonant (see Appendix for details). Results of the duration measures were saved
to a text file. Reaction time (RT) was defined as the duration from the beginning of the
analysis window to the first mark placed at the release burst of the onset consonant of the
first word. The difference between the onset consonants of the first and second word
(termed onset interval from here forward) was defined as the duration between the first
and second mark.
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Some speakers needed more time to initiate their response or start speaking the
second word. The majority of these speakers were in the AOS group. Therefore, the
duration of the analysis window was set according to the diagnostic group: 1200 ms for
the control group, 1500 ms for the aphasia group, and 2500 ms for the AOS group.
Additionally, 64 trials were reanalyzed with the analysis window between 4000 and 5500
ms because the response, or part of the response, occurred outside of the initial analysis
window. To establish the reliability of timing measures obtained with different analysis
window sizes, the data from 4 participants (9.75% of all data) initially analyzed with
1200 ms or 1500 ms were remeasured with a 2500 ms window. For the RT measure, the
ICC (1,1) = .99 (Shrout & Fleiss, 1979), mean difference between measures was 1.15 ms,
SD=2.21 ms; for the onset interval, ICC (1,1) = .99, mean difference between measures
was 1.81 ms, SD=16.
Statistical analysis. Statistical analysis was performed in R, version 3.3.2
“Sincere Pumpkin Patch” (R Core Team, 2016) with packages lme4, version 1.1-12
(Bates, Maechler, Bolker, & Walker, 2016) and lmerTest, version 2.0-33 (Kuznetsova,
Brockhoff, & Christensen, 2016). Errors were analyzed with Generalized Linear Mixed
Models for binomially distributed data (Jaeger, 2008). The timing measures were
analyzed with Linear Mixed Effects Models (Baayen, Davidson, & Bates, 2008) for each
dependent variable (RT and OO-interval) separately. Mixed methods were preferred over
the traditional by-subject and by-items analysis with ANOVA because (a) this method
allows two or more random effects to be modeled simultaneously within a single model
and (b) this analysis is more robust to unequal group sizes and missing data points
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(Baayen et al., 2008). Finally, individual data were analyzed with Bayesian Standardized
Difference Test (Crawford, Garthwaite, & Porter, 2010).
Predictions. The Reduced Buffer Capacity Hypothesis predicts that there is no
Condition effect in the AOS group in RT measures because the first word (and by the
hypothesis, the only word that can be loaded to the buffer for correct responses) is
identical across conditions. In terms of onset interval, speakers with AOS are expected to
have larger intervals for the Identical condition compared to other conditions because in
this condition, the post-selection inhibition, which must be overcome before reloading the
buffer, is greatest when the same item must be activated in the buffer.
The Program Retrieval Deficit Hypothesis predicts that speakers with AOS,
unlike other groups, will show longer RT and onset intervals in conditions that involve
the activation of two different motor programs rather than two copies of the same
program. Longer RTs are predicted because the different programs compete for selection
of the first word. Longer onset intervals are predicted because the different programs
assert post-selection inhibition via the parallel connections between different but similar
programs. This hypothesis also predicts larger error rates in Similar and Different
conditions compared to the Identical condition.
Results
Group-level analysis
Errors. The error rate for all groups and conditions is presented in Figure 2. The
speech errors were analyzed statistically with Generalized Linear Mixed Models (Jaeger,
2008). We started with a model that included a Group by Condition interaction as the
fixed effect factor and by-subject and by-target intercepts as factors for random effects
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(Error~Condition*Group+(1|Subject)+(1|Target), family=binomial) but the model did not
converge. We proceeded by creating a model to test for Group effects
(Error~Group+(1|Subject)+(1|Target), family=binomial) and then tested the Condition
effects for each patient group separately (Error~Condition+(1|Subject)+(1|Target),
family=binomial). The model for control data failed to converge, probably due to the
very low error rate in this group.

Speech Errors (%)
60

Control
AOS
Aphasia

50

% error

40
30
20
10
0
Identical

Similar PM

Similar VM

Different

Figure 2. Speech errors. Error bars represent the standard error.

The error rate was significantly larger for both patient groups compared to the
controls (AOS: z=9.10, p<.001; Aphasia: z=7.02, p<.001) and for the AOS group
compared to the Aphasia group (z=-2.93, p<.01). As to the condition effects in the AOS
group, the error rate was significantly higher in the Similar PM condition compared to the
Identical condition (z=2.01, p<.05); comparison with the Similar VM reached a trend for
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statistical significance (z=1.78, p<.10). Rerunning the model with Different condition as
the reference category did not reveal any significant effects. A very different pattern was
observed for the Aphasia group. While neither of the Similar conditions differed
significantly from the Identical condition, this group made fewer errors in the Different
condition compared to Identical (z=-2.14, p<.05). Rerunning the model with Different
condition as the reference category established that the error rate was also greater in the
Similar conditions (Similar PM: z=2.86, p<.01; Similar VM: z=2.71, p<.01).
RT. The average RT values by Group and Condition are presented in Figure 3.
Speakers with AOS appear slower overall, but more importantly, the RTs appear longer
in the switch conditions compared to the Identical condition in the AOS group, while the
RTs are within the same range across conditions for the other groups. To test these
differences statistically, we created a linear mixed effects model that included the main
predictor variables (Group and Condition) and their interaction as fixed effects.
Furthermore, to control for the effect of the variable delay between the target presentation
and the go-signal as well as possible fatigue or practice effects, we also included the
Variable Delay values as well as the Trial Number as fixed effect. The intercepts for
subjects and items were included as random effects only if their inclusion significantly
improved model fit. The formula for the final model was the following: RT ~ Condition *
Group + Variable Delay + Trial Number (1 + Condition | Subject) + (1|Target). The
model was first run with the Control group and the Identical condition as reference
categories. Residuals of the model were visually inspected for homoscedasticity of
variance across the fitted values and the normality of residuals was calculated (skewness
= 1.51; kurtosis = 11.35). The high kurtosis value could be corrected with a
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transformation, such as a log transformation or a reciprocal transformation. However,
such transformations were judged unwarranted considering that one group had longer RT
overall and therefore the differences between conditions would be affected considerably
more by the above-mentioned transformations in this group compared to other groups.
Furthermore, linear mixed effects models are considered robust to deviations from
normality (Gelman & Hill, 2007). Under these considerations, the RT analysis were
performed on unaltered RT measures.
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Figure 3. Mean RT, error bars represent the standard error.

The linear mixed effects model revealed several significant effects. First, the AOS
group had longer RT compared to controls (t = 5.99, p < .001). Second, RTs were longer
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for trials with longer delays (Delays: t = -16.07, p < .001) and for trials that occurred later
in the experiment (Trial Number: t = -9.29, p < .001). Finally, there was also a significant
interaction between Group and Condition, namely the difference between all switch
conditions and the Identical condition was larger for the AOS group compared to the
Control group (Similar PM: t = 3.09, p < .01; Similar VM: t = 3.36, p < .01; Different: t =
2.99, p < .01). None of the other effects were significant.
To test the differences between the AOS group and the Aphasia group, we reran
the model with the AOS group as the reference category. In addition to the effects
reported above, the model identified a significant difference in RT between the AOS and
Aphasia groups (t = -4.35, p < .001) for the Identical condition. In addition, there was a
significant Condition effect in the AOS group, namely all switch conditions had longer
RTs compared to the Identical condition (Similar PM: t = 3.50, p < .01; Similar VM: t =
3.57, p < .001; Different: t = 3.11, p < .01); this effect, in turn, was greater in the AOS
group compared to the Aphasia group as identified by the significant interaction terms
(Similar PM: t = -2.11, p < .05; Similar VM: t = -2.51, p < .05; Different: t = -2.18, p <
.05). Rerunning the model yet another time with Aphasia group as the reference category
did not yield any significant effects between the Identical condition and the switch
conditions.
Onset interval. The intervals between the onsets of each word in the target phrase
are presented in Figure 4. These differences were tested statistically with a Linear Mixed
Effects Model which was created based on the same principles as those described for RT

138

139

Control
AOS
Aphasia

Onset interval

OO-interval (ms)

1200
1000
800
600
400
200
0
Identical

Similar PM

Similar VM

Different

Figure 4. Mean onset interval values. Error bars represent the standard error.

analysis (onset interval ~ Condition * Group + Variable Delay + Trial Number (1 +
Condition | Subject) + (1|Target). However, examining the distributional properties of
this model revealed a problematically high kurtosis (kurtosis=144.21). To correct for the
non-normal distribution, we created a simpler model where Condition means for each
participant served as the dependent variable. Group, Condition, and their interaction term
were entered as fixed effects, intercepts for Subjects served as fixed effects (onset
interval~Condition*Group+(1|Subject)). The residuals were plotted against the fitted
values and visually inspected for homoscedasticity of variance. The variance of the
residuals was greater to some extent at higher fitted values but the normality of residuals
was acceptable (skewness=0.63, kurtosis=11.53). Comparisons between the outcomes of
the initial model and the simpler model revealed similar findings in terms of the main
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effects of interest. For consistency with the RT analysis, we report the results from the
initial model.
First, we report the findings from a model where the Control group and the
Identical Condition served as reference categories. The following significant effects were
observed. The onset intervals were longer for the AOS group compared to the Control
group (t = 4.37, p < .001) and shorter for the Different condition compared to the
Identical condition (t = -2.15, p < .05). More importantly, there was a significant
interaction between Group and Condition such that the difference between the Identical
condition and all switch conditions was greater in the AOS group (Similar PM: t = 6.90,
p<.001; Similar VM: t = 5.17, p < .001; Different: t = 7.52, p < .001) compared to the
Control group. Finally, the Variable Delays also had a significant effect on the onset
interval; longer delays were associated with longer intervals (t = 2.07, p < .05). None of
the other comparisons were statistically significant. To compare the AOS group with the
Aphasia group, we reran the same model with AOS group as the reference category
keeping Identical condition as the reference category for Condition effects. In addition to
the significant effects reported above, the model revealed significantly lower onset
interval values for the Aphasia group (t = -2.76, p<.01) in the Identical condition. In
addition, all switch conditions had longer OO-intervals than the Identical condition in the
AOS group (Similar PM: t = 7.29, p<.001; Similar VM: t = 5.34, p < .001; Different: t =
4.69, p < .001) and these differences were again greater in comparison with the aphasia
group (Similar PM: t = -5.26, p<.001; Similar VM: t = -4.01, p < .001; Different: t = 5.71, p < .001). Changing the group reference category to Aphasia did not reveal any
significant Condition effects between the Identical and switch conditions.
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Individual analysis
As a next step, we tested whether the group pattern holds in individual patients.
We used the Bayesian Standardized Difference Test (Crawford et al., 2010) to compare
the difference between two conditions in an individual patient to the same difference in
the control group. The critical comparisons in terms of the hypotheses were between the
Identical condition and the switch conditions, but in the interest of completeness we also
report the differences between Similar conditions and the Different condition.
RT. The individual RT patterns are presented visually in Figure 5, numerically in
Table 5, and the results of the statistical tests are presented in Table 7. All participants in
the AOS group showed significantly greater differences in at least one switch condition
compared to the Identical condition, except for participant AOS 007 who exhibited a
significant effect but in the opposite direction: his RTs were shorter in switch conditions
compared to the Similar PM and Different conditions. In contrast to the group results
however, four speakers with APH also showed larger differences between the Identical
condition and at least one of the switch conditions.
Onset interval. The individual onset interval patterns are presented visually in
Figure 6, numerically in Table 6, and the results of the statistical tests are presented in
Table 8. The onset interval patterns resembled the group analysis for participants with
AOS, all of whom showed significantly greater differences between the Identical
condition and most of the switch conditions. However, the same was found for the
individual speakers in the aphasia group, with the exception of two speakers (APH 001
and APH 005). The main difference between the two groups appears to be in the effect
sizes, which are generally much larger for the speakers in the AOS group; this difference
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Table 5. RT means (in milliseconds) for individual patients for each condition and
differences between conditions.
RT Means
Differences in RT Means
Partic Ident Sim
Sim Diff
Ident Ident - Ident
Sim
SimVM
. ID
PM
VM
Sim PM
Sim
PM - Diff
VM
Diff
Diff
AOS 1072 1098 1141 1005
26
69
-67
93
136
001
AOS
695 1615 1487 1380
920
792
685
235
107
002
AOS
414
450
484
433
36
70
19
16
51
004
AOS
658
833
765
727
175
107
69
106
38
005
AOS
610
679
665
695
69
55
86
-17
-31
006
AOS
454
366
406
395
-88
-48
-59
-29
10
007
APH
381
355
337
353
-26
-44
-28
2
-16
001
APH
573
630
530
580
57
-43
7
50
-50
002
APH
222
297
263
242
75
41
20
55
21
003
APH
367
487
499
440
121
132
73
48
59
004
APH
293
278
291
305
-15
-2
12
-27
-14
005
APH
295
346
331
275
51
36
-20
71
56
006
APH
373
425
400
401
52
27
28
24
-1
007
APH
384
418
402
367
34
18
-17
51
35
008
APH
593
662
602
646
69
9
52
16
-44
009
APH
361
437
399
376
76
38
15
61
23
010
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Table 6. Onset interval means (in milliseconds) for each condition and differences
between conditions.
Onset interval Means
Differences in onset interval Means
Partic. Ident Sim Sim Diff
Ident Ident - Ident
Sim
SimVM
ID
PM VM
Sim PM
Sim
PM - Diff
VM
Diff
Diff
AOS
945 1129 1047 987
184
103
43
142
60
001
AOS
1038 1798 1735 1248
760
697
210
550
487
002
AOS
208
304
289
200
96
81
-8
104
89
004
AOS
419 1061 690
672
642
271
253
389
18
005
AOS
394
660
445
595
266
51
201
64
-151
006
AOS
296
431
380
352
136
84
57
79
27
007
APH
343
328
301
269
-15
-42
-74
59
32
001
APH
613
680
660
627
67
47
14
53
33
002
APH
404
455
432
341
52
28
-63
115
91
003
APH
266
307
313
225
42
47
-41
83
88
004
APH
284
305
301
257
21
16
-28
48
44
005
APH
196
249
231
192
52
35
-4
57
39
006
APH
266
335
313
263
70
48
-3
72
50
007
APH
341
386
378
308
45
37
-32
77
69
008
APH
439
585
483
506
146
44
67
78
-23
009
APH
238
278
290
214
41
53
-23
64
76
010
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Table 7. Bayesian Standardized Difference Test results for individual patients’ RT; pvalues are reported for a 1-tailed test; significant effects are bolded.
Identical vs Identical vs. Identical vs. Different vs. Different vs.
Similar PM Similar VM
Different
Similar PM Similar VM
AOS 001
p
0.31
0.00
0.21
0.05
0.00
Z-DCC
-1.73
-5.47
1.32
-2.74
-6.50
95% CI
-4.59 to
-8.96 to -1.31 to
-5.62 to
-10.10 to 1.06
2.16
3.99
0.05
3.11
AOS 002
p
0.00
0.00
0.00
0.00
0.00
Z-DCC
-27.33
-26.91
-26.12
-6.82
-6.77
95% CI
-36.30 to -35.76 to -34.60 to -11.72 to -11.63 to 19.44
19.14
18.68
2.14
2.12
AOS 004
p
0.16
0.00
0.14
0.41
0.03
Z-DCC
-1.01
-2.77
-1.08
-0.22
-1.93
95% CI
-1.65 to -3.83 to -1.72 to -0.81 to
-2.83 to 0.40
1.80
0.47
0.37
1.09
AOS 005
p
Z-DCC
95% CI

0.00
-5.46
-7.78 to 3.33

0.00
-5.00
-7.20 to 2.98

0.00
-3.21
-4.94 to 1.59

0.01
-2.86
-4.82 to 0.99

0.03
-2.48
-4.36 to 0.68

0.02
-2.28
-3.70 to 0.93

0.00
-3.14
-4.75 to 1.64

0.00
-3.78
-5.51 to 2.18

0.34
0.47
-0.92 to
1.89

0.44
-0.182
-1.63 to 1.26

AOS 007
p
Z-DCC
95% CI

0.00
2.524
1.69 to 3.44

0.21
0.83
0.22 to 1.45

0.04
1.76
1.04 to 2.53

0.15
1.02
0.49 to 1.57

0.30
-0.53
-1.07 to 0.00

APH 001
p
Z-DCC
95% CI

0.20
0.85
0.37 to 1.35

0.16
0.97
0.48 to 1.49

0.23
0.74
0.27 to 1.23

0.41
0.21
-0.199 to
0.63

0.34
0.40
-0.02 to 0.83

0.05
-1.87
-3.11 to 0.70

0.42
0.19
-0.75 to
1.15

0.24
-0.77
-1.80 to
0.24

0.13
-1.27
-2.46 to 0.11

0.23
0.79
-0.21 to 1.82

AOS 006
p
Z-DCC
95% CI

APH 002
p
Z-DCC
95% CI
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APH 003
p
Z-DCC
95% CI
APH 004
p
Z-DCC
95% CI
APH 005
p
Z-DCC
95% CI
APH 006
p
Z-DCC
95% CI
APH 007
p
Z-DCC
95% CI
APH 008
p
Z-DCC
95% CI
APH 009
p
Z-DCC
95% CI
APH 010
p
Z-DCC
95% CI

0.03
-1.86
-2.60 to 1.18

0.16
-1.00
-1.60 to 0.44

0.20
-0.83
-1.41 to 0.28

0.13
-1.13
-1.70 to 0.59

0.36
-0.36
-0.85 to 0.11

0.00
-3.432
-4.62 to 2.37

0.00
-4.553
-6.07 to 3.20

0.00
-3.02
-4.082 to 2.07

0.15
-1.08
-1.82 to 0.37

0.02
-2.239
-3.23 to 1.32

0.25
0.66
0.20 to 1.14

0.48
0.03
-0.37 to
0.45

0.25
-0.66
-1.12 to 0.22

0.14
1.06
0.56 to 1.59

0.29
0.55
0.12 to 0.99

0.10
-1.27
-1.83 to 0.75

0.12
-1.15
-1.69 to 0.65

0.29
0.55
0.11 to 1.01

0.06
-1.58
-2.22 to 1.00

0.06
-1.58
-2.22 to 1.00

0.08
-1.42
-2.07 to 0.81

0.11
-1.22
-1.83 to 0.65

0.10
-1.32
-1.94 to 0.74

0.34
-0.41
-0.94 to
0.11

0.42
-0.20
-0.71 to 0.30

0.18
-0.94
-1.50 to 0.40

0.16
-0.98
-1.55 to 0.43

0.372
0.33
-0.11 to
0.78

0.13
-1.14
-1.73 to 0.58

0.11
-1.23
-1.85 to 0.66

0.02
-2.259
-3.62 to 0.96

0.08
-1.57
-2.81 to 0.39

0.01
-2.503
-3.89 to 1.18

0.367
-0.40
-1.70 to
0.88

0.37
0.36
-0.88 to 1.61

0.02
-2.107
-2.91 to 1.37

0.07
-1.52
-2.19 to 0.91

0.20
-0.82
-1.33 to 0.34

0.09
-1.39
-2.05 to 0.77

0.19
-0.88
-1.44 to 0.35
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Table 8. Bayesian Standardized Difference Test results for individual patients’ ONSET
intervals; p-values are reported for a 2-tailed test; significant effects are bolded.
Identical vs Identical vs. Identical vs. Different vs. Different vs.
Similar PM Similar VM
Different
Similar PM Similar VM
AOS 001
p
0.00
0.00
0.00
0.58
0.20
Z-DCC
-14.34
-10.90
-9.86
-1.67
3.83
95% CI
-21.19 to -16.90 to -15.82 to - -7.52 to 4.12 -1.75 to 9.52
7.98
5.25
4.23
AOS 002
p
0.00
0.00
0.00
0.00
0.00
Z-DCC
-53.840
-60.85
-20.20
-27.82
-23.60
95% CI
-72.16 to -81.07 to -29.13 to -40.34 to -35.11 to 37.59
42.99
11.99
16.24
12.88
AOS 004
p
0.00
0.00
0.12
0.00
0.00
Z-DCC
-5.97
-6.23
-1.61
-3.95
-3.00
95% CI
-7.85 to -8.19 to -2.28 to -5.24 to -4.01 to 4.33
4.52
0.99
2.82
2.11
AOS 005
p
0.00
0.00
0.00
0.00
0.01
Z-DCC
-43.80
-22.90
-18.15
-20.43
4.74
95% CI
-57.68 to -30.24 to -24.19 to -28.14 to 1.35 to 8.26
31.69
16.47
12.84
13.46
AOS 006
p
Z-DCC
95% CI
AOS 007
p
Z-DCC
95% CI
APH 001
p
Z-DCC
95% CI

0.00
-18.14
-24.02 to 12.97

0.00
-4.46
-6.26 to 2.82

0.00
-14.98
-19.97 to 10.58

0.50
1.13
-1.65 to 3.95

0.00
15.69
11.05 to
20.96

0.00
-8.91
-11.77 to 6.40

0.00
-6.82
-9.03 to 4.89

0.00
-5.93
-7.91 to 4.18

0.25
-1.31
-2.55 to 0.11

0.07
2.08
0.946 to
3.28

0.27
1.14
0.43 to 1.88

0.00
3.48
2.39 to 4.70

0.25
1.19
0.49 to 1.93

0.64
-0.47
-1.08 to 0.13

0.21
1.29
0.67 to 1.96
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APH 002
p
Z-DCC
95% CI
APH 003
p
Z-DCC
95% CI
APH 004
p
Z-DCC
95% CI
APH 005
p
Z-DCC
95% CI
APH 006
p
Z-DCC
95% CI
APH 007
p
Z-DCC
95% CI
APH 008
p
Z-DCC
95% CI
APH 009
p
Z-DCC
95% CI
APH 010
p
Z-DCC
95% CI

0.00
-5.31
-8.40 to 2.38

0.00
-5.00
-8.00 to 2.16

0.00
-5.83
-9.09 to 2.76

0.23
2.15
-0.85 to 5.21

0.06
3.44
0.42 to 6.56

0.00
-3.54
-5.17 to 2.02

0.03
-2.59
-3.99 to 1.27

0.91
0.12
-0.90 to 1.14

0.00
-3.76
-5.44 to 2.21

0.05
-2.27
-3.60 to 1.00

0.02
-2.41
-3.28 to 1.63

0.00
-3.62
-4.83 to 2.56

0.89
-0.13
-0.54 to 0.26

0.03
-2.30
-3.14 to 1.54

0.01
-2.78
-3.75 to 1.91

0.27
-1.11
-1.69 to 0.56

0.24
-1.19
-1.79 to 0.63

0.29
-1.07
-1.65 to 0.52

0.00
-3.00
-4.04 to 2.08

0.02
-2.34
-3.22 to 1.55

0.09
-1.75
-2.48 to 1.08

0.42
-0.81
-1.29 to 0.34

0.73
0.34
-0.09 to 0.79

0.00
-4.32
-5.74 to 3.07

0.00
-3.62
-4.83 to 2.56

0.02
-2.32
-3.17 to 1.55

0.18
-1.39
-2.12 to 0.69

0.97
0.03
-0.50 to 0.57

0.01
-2.93
-4.14 to 1.81

0.00
-3.09
-4.33 to 1.95

0.28
-1.14
-1.97 to 0.35

0.16
-1.52
-2.52 to 0.56

0.33
-1.04
-1.96 to 0.15

0.00
-10.12
-13.69 to 6.93

0.00
-4.06
-5.95 to 2.30

0.00
-7.61
-10.52 to 4.97

0.80
-0.36
-2.58 to 1.84

0.00
6.50
3.96 to 9.26

0.03
-2.25
-3.06 to 1.53

0.00
-3.93
-5.21 to 2.81

0.37
-0.91
-1.40 to 0.44

0.26
-1.15
-1.69 to 0.64

0.05
-2.03
-2.78 to 1.35

0.84
0.69
0.20
0.40
-0.30 to 0.71 -0.10 to 0.92
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Figure 5. RT means for individual speakers. People with AOS are represented
in orange, people with aphasia in blue, and control speakers in gray.
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Figure 6. Onset interval means for individual speakers. People with AOS are
represented in orange, people with aphasia in blue, and control speakers in gray.
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can also be appreciated visually in the steeper slopes between the Identical and Similar
PM conditions for the participants in the AOS group.
Discussion
This study had two goals: (a) to test two competing hypotheses about the
underlying speech motor planning impairment in AOS, and (b) to determine whether the
observed data pattern is specific to AOS. The hypotheses were framed within a model of
typical speech production and tested in a RT paradigm that has been successfully used to
study speech production in typical speakers (e.g., Mooshammer et al., 2009). This
continuity in methodology with the literature on typical speech production provides a
common ground for interpreting the observed effects in speakers with apraxia of speech
and/or aphasia (Maas & Mailend, 2012).
The experiment used a delayed RT paradigm where participants are expected to
prepare the utterance ahead of the go-signal and maintain the response in the speech
motor planning buffer until prompted to speak (Laganaro & Alario, 2006; Sternberg,
Monsell, Knoll, & Wright, 1978). Under such conditions, speech onset latencies are not
expected to vary based on the specific phonemic make-up of the word as long as the
utterance length (in terms of the number of chunks represented by separate motor
programs) is held constant (Klapp, 2003). This is precisely what we observed in the
control speakers with our task: their RT did not differ between the condition that required
the same word to be spoken twice (the Identical condition) and the conditions where two
different words had to be planned, maintained, and produced (the switch conditions).
Furthermore, there were also no differences between the conditions in the onset interval
measure, which represents the duration between the onset consonants of the two words in

150

151
the target phrase. An exception in this regard was the Different condition which was
significantly faster than the Identical and Similar PM condition. This latter finding is
probably best attributed to the measurement of the onset consonant in the second word of
the targets in the Different condition. Namely, these were the only words in the
experiment where the onset consonant was a liquid, nasal, or fricative, and not a stop.
Stop consonants were measured from the release burst, which means that the
measurement does not include the silent period associated with the closure of the stops.
Nasals, liquids, or fricatives were all measured from the onset of these consonants and
therefore the onsets were detected at an earlier point in its articulation, and that is likely
reflected in the shorter onset intervals in this condition.
Results from the Aphasia group resemble the control group: no RT differences
between conditions and the only significant difference between conditions in the onset
interval measure was between the Different and Similar PM conditions with longer onset
intervals in the latter. The similarities in the timing measures between the control group
and the aphasia group replicate previous findings (Deger & Ziegler, 2002; Rogers &
Storkel, 1999) and provide further evidence for the interpretation that the task in this
experiment taps into the speech motor planning operations that are presumed to be intact
in speakers with aphasia without AOS.
The findings in the AOS group differed considerably from the control group and
the aphasia group. The AOS group exhibited a significant Condition effect for RT and
onset interval measures. Namely, speakers with AOS had longer RTs and onset interval
values in all three switch conditions compared to the Identical condition. This finding is
consistent with, and predicted by, the Program Retrieval Hypothesis because it suggests
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that retrieving the intended motor program is more difficult (and thereby more timeconsuming) in the context where other motor programs are activated in the speech motor
planning buffer. This result is inconsistent with the Reduced Buffer Capacity Hypothesis
for three reasons. First, the initial syllable was identical between all conditions. If people
with AOS were only able to plan the first syllable by the time of the go-signal, then the
differences in RT cannot be explained by this hypothesis without additional assumptions
(see Deger & Ziegler (2002) for discussion and similar findings).
Second, initiating the response for the second word should be most timeconsuming in the Identical condition according to the Reduced Buffer Capacity
Hypothesis because the motor program that was just selected for production undergoes
post-selection inhibition which prevents the system from reselecting the same program
over and over again (Guenther, 2016). If a person is not able to plan for this ahead of time
by activating a copy (which presumes the simultaneous activation of two programs in the
buffer) the speaker must first overcome the post-selection inhibition before the same
program can reach the selection threshold once more. Again, we observed the opposite
effect for the AOS group: significantly longer onset intervals in conditions that required
selecting a different program for the second word (the switch conditions) compared to the
Identical conditions, suggesting that the retrieval of the intended motor program is
hindered from the activation of other similar programs in the buffer (the Program
Retrieval Deficit Hypothesis).
Third, while the focus in this study was on the timing measures, it is interesting to
note the parallel findings in the error patterns, easily appreciated by comparing Figures 2
and 3. The group with the longest RTs (AOS) also demonstrated the highest overall error
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rate, suggesting that the task was taxing for the speech motor planning operations
although the specific mechanism is not elucidated by the overall increased error rate.
More relevant in terms of the goals of this study is the finding that the AOS group
showed higher error rates in the Similar conditions compared to the Identical condition
while other groups did not demonstrate any condition effects in the error rates. This
provides further evidence for the idea that retrieving the intended motor program is more
challenging in the context when other similar programs are active in the motor planning
buffer in individuals with AOS. In addition to corroborating the story in the temporal
measures, these error patterns also rule out the possibility that the increased RTs in
switch conditions for the AOS group reflect a speed-accuracy tradeoff rather than
increased competition from the simultaneous activation of multiple speech motor
programs in the motor planning buffer.
The group-level RT patterns were largely reflected in the individual data of the
speakers in the clinical groups. All speakers in the AOS group had a significantly larger
difference between the Identical condition and at least one switch condition compared to
the same difference in the Control group for both RT and onset intervals, except for one
individual (AOS 007) who showed the opposite pattern: his RTs were significantly
shorter in the Similar conditions compared to the Identical condition. It is hard to
pinpoint the reasons for the different RT pattern for AOS 007 but one possibility is that
we did not capture his actual RTs as reliably as for other participants because AOS 007
had a high rate of too- early responses (10% of trials). These responses suggest that the
participant did not interact with the go-signal reliably, and even though we discarded the
responses that were given before the go-signal or up to 150 ms after it, it is possible that

153

154
many of his RTs reflect a reasonably good guess about the upcoming go-signal which
may make these RTs hard to interpret.
As expected, most speakers in the aphasia group did not differ from the control
group in cross-condition comparisons. However, four speakers resembled the AOS group
(APH003, APH 004, APH 009, and APH 010) and showed a significantly greater
difference between the Identical condition and at least one of the switch conditions, with
faster RT for the switch condition. In terms of onset intervals however, all but two
speakers in the aphasia group showed a significantly greater difference between the
Identical condition and at least one switch condition, with longer onset intervals in the
latter even though such differences were not observed at the group level. There are
several potential reasons for this finding. One is associated with the statistical method.
Much smaller effects reach statistical significance with the Bayesian Standardized
Difference Test when these effects occur within similar overall RT range as the control
group (Crawford et al., 2010). This was the case for most speakers in the aphasia group,
while the majority of the speakers with AOS showed significantly longer overall RTs
(and thus the significant findings for the AOS speakers generally reflect larger effect
sizes). Second, chronometric measures are sensitive to various other factors besides the
effect of interest (Maas & Mailend, 2012); accordingly, the attempt to provide
meaningful interpretations for each individual’s data may just be too ambitious, although
the same may hold for other measures (e.g., Aichert & Ziegler, 2013; Haley, Ohde, &
Wertz, 2001). Setting these speculations aside, it appears that the onset interval measures
are not quite as reliable as the RTs for which we see overall very clear and consistent
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effects in support of the Program Retrieval Deficit Hypothesis on both the group- as well
as the individual-level analyses.
To conclude, the findings of the current study provide convergent evidence in
support of the Program Retrieval Deficit Hypothesis from group-level and individuallevel chronometric data and from the error patterns. Furthermore, this study reports
findings from the third experiment in the series of experiments that have systematically
tested the Program Retrieval Deficit Hypothesis against other detailed hypotheses of the
underlying mechanism of AOS (e.g., the Damaged Program Hypothesis in Mailend &
Maas (2013); the Reduced Buffer Capacity Hypothesis in Mailend et al., (in preparation).
All three studies have provided consistent evidence in support of the Program Retrieval
Deficit Hypothesis. In this vein, it is particularly interesting to note that a similar
mechanism – difficulty with resolving the competition between different response
patterns – has also been observed in patients with ideomotor limb apraxia (Jax &
Buxbaum, 2013). Observations of a similar mechanism in a different domain of motor
control strengthen the interpretation that apraxia is a disorder of high level organization
of motor control where the mechanism of selecting the intended motor program over its
competitors is impaired. Finally, the results of this study strongly suggest that carefully
designed reaction time experiments are useful in the study of AOS and aphasia: most of
the speakers with these communication impairments can complete the task and the results
are interpretable and informative in terms of the processes they are designed to capture.
Clinical Implications
RT methods, like the one employed in this study, may themselves not be practical
for clinical use because they are time-consuming to administer and analyze (at least as
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implemented here). Furthermore, in addition to being sensitive to the speech planning
operations of interest, they are also sensitive to a variety of other variables commonly
observed in a real-life situation, such as comorbid speech or neurological diagnosis,
inhibition problems and attention difficulties, severity of the communication impairment
etc. Nevertheless, the cumulative evidence in support of the Program Retrieval Deficit
Hypothesis invites the consideration of how this knowledge could be used in the
development of diagnostic tools and treatment approaches in the clinical setting.
One consideration suggested by the results of this study is the idea of processoriented approach to the diagnosis and remediation of communication disorders
(Terband, Maassen, & Maas, 2016) rather than syndrome-based approach. At present, the
prevalent method of selecting a treatment approach for a person with a communication
impairment is largely dictated by the diagnosis at the syndrome level (e.g., AOS,
conduction aphasia etc.), but this approach overlooks the possibility that the syndromes
we identify at the gestalt level may tell us more about which impairments of specific
speech production operations commonly co-occur in stroke patients rather than which
operations are impaired in a specific individual. It stands to reason that the latter may
provide better treatment outcomes if we are able to identify the impaired operations
separately and target these operations specifically in a treatment program. Participant
APH 009 illustrates the point. In the current experiment as well as in Mailend et al. (in
preparation) this participant’s data appears to pattern with the AOS group even though
the clinical diagnosis was inconsistent with AOS for this speaker primarily due to fluent
speech within a normal rate and lack of sound distortions. One possibility is that this
participant had a program retrieval deficit but it occurred in the context of different
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additional speech production impairments in comparison to what is typically observed in
speakers with AOS. Alternatively, it is possible that a different cognitive mechanism
altogether (i.e., attention difficulties) explains the pattern of results of this speaker.
Even though the RT measures may not be robust enough to reliably identify impairments
at the level of every individual speaker, these data suggest several ways in which the
robustness of the RT tasks may be improved. For example, it appears from this research
that the task worked best in the moderate-mild range of AOS severity. It is possible, of
course, that the task was less reliable for people with a mild impairment (e.g., AOS 004)
or moderate-severe impairment (e.g., AOS 001) because their primary impairment was
different than what we hypothesized. Alternatively, it is possible that the tasks were too
easy for AOS 004 and too difficult for AOS 001 to produce reliable results. The
interference from similar motor programs may be increased by (a) including fewer items
in the experiment, all of which are similar to one another (Rogers & Storkel, 1998), (b)
manipulating the coda-consonant rather than the onset (Sevald & Dell, 1994), or (c)
increasing the planning load by asking the participant to produce three or four similar
words in a row instead of two words as in the current experiment. The difficulty level can
also be decreased by manipulating the same variables in the opposite direction (e.g.,
including items that are phonetically dissimilar from one another, and so on).
Finally, most AOS treatment approaches fall under the category of articulatorykinematic treatments where the focus appears to be on rebuilding damaged speech motor
programs via guided and repeated practice (Ballard et al., 2015; Wambaugh et al., 2006).
The Program Retrieval Deficit Hypothesis appears largely unexplored in the treatment
literature but it is easy to imagine how the interference from similar motor programs
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could be manipulated in a treatment context. For example, if the core problem in AOS is
the program retrieval deficit due to difficulty with resolving the competition between
simultaneously activated motor programs, then the most effective treatments may occur
in the context of tongue twisters that involve the production of similar syllables. Needless
to say, this suggestion is merely a speculation at this point but the results of this study
together with the results of Mailend and Maas (2013) and Mailend et al. (in preparation)
suggest that it is a speculation worth-while investigating further.
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Appendix
A1: dame fame

The onset of the second word starting with a fricative was determined by the frication
noise visible both on the spectrogram and the waveform. Purple line with the triangle
marks the onset.
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A2: pail rail

The onset of the second word starting with an approximant (as in pail rail and cane rain)
was determined by the change in the formant structure, primarily lowering of F3. Purple
line and triangle illustrate the onset on the figure above.
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A3: teal meal

The onset of the second word starting with a nasal, as in teal meal, the start of a nasal was
determined by the drop in amplitude visible above the second formant area on the
spectrogram and on the waveform and the lowering of F3. Purple line with a triangle
mark the onset.
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CHAPTER V
CONCLUDING REMARKS AND FUTURE DIRECTIONS
The combined results of the three experiments presented in this dissertation
provide converging evidence from different RT paradigms in support of the Program
Retrieval Deficit Hypothesis. Group- and individual-level RT data as well as error
patterns were generally consistent with predictions of the Program Retrieval Deficit
Hypothesis and contrary to predictions of the other two hypotheses. This consistent and
theoretically coherent set of findings suggests that one component of the speech motor
planning impairment in AOS involves a difficulty with selecting a specific motor
program for production and that this difficulty is intensified by competition from other
motor programs that are simultaneously activated in the speech motor planning buffer.
Furthermore, by including a group of speakers with aphasia without AOS as participants,
this research also demonstrates that the program retrieval deficit is specific to AOS and
cannot be attributed to comorbid aphasia or brain damage in general.
The RT approach of this dissertation is not without limitations. One of the main
shortcomings of this method concerns the severity of apraxia of speech and/or aphasia.
Reliable RT measures may not be obtainable from speakers with a more severe
impairment due to a large number of errors (RT measures are typically collected only
from correct responses) or an inability to do the task (e.g., read the written stimuli or
retrieve the words for pictures). In addition, co-occurring diagnoses (e.g., cognitive
impairments) may influence RTs, rendering the results uninterpretable. These problems
were evident also in the present studies as the data from several participants had to be
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excluded for the above-mentioned reasons and, therefore, generalization of these findings
to severe AOS is questionable. At the same time, investigating the speech of speakers
with a milder impairment is often difficult with a more traditional approach of error
analysis (Maas & Mailend, 2012).
A strength of the approach of this dissertation is that the experiments were framed
within a model of typical speech production and that they employed RT paradigms that
have been successfully used to examine speech motor planning in unimpaired speakers.
This allows cross-validation of the observed effects. For example, one would expect
larger effects for speakers with AOS on tasks that have been interpreted to tap the speech
motor planning stage in unimpaired speakers but effects of similar magnitude to the
control group in speakers with aphasia whose speech motor planning operations are
presumed intact. The fact that the results indeed confirm these general expectations
validates these methods and supports their applicability with speakers with neurogenic
communication impairments, such as AOS and aphasia. Thus, the results from these
studies suggest that RT methods prove useful not only to gain a deeper understanding of
the underlying nature of AOS but also to validate the observed effects in typical speakers
thereby reinforcing our knowledge of speech production operations in general.
The results of these studies highlight several directions for future research. The
findings support the Program Retrieval Deficit Hypothesis over other examined
hypotheses. However, the DIVA/GODIVA model that framed these studies suggests
several possible mechanisms for the program retrieval deficit – mechanisms that the
findings from this dissertation cannot fully address. For example, a speaker may have
difficulty accessing a motor program because the motor programs do not reach the
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necessary activation for the selection threshold or because the system cannot resolve the
competition between several simultaneously activated units. The DIVA/GODIVA model
includes a computational component providing the possibility of simulating the different
mechanisms of retrieval deficit and comparing the outcomes to the data from real
speakers (e.g., the results of this dissertation). A model simulation may help to
differentiate between these mechanisms and provide additional validation to the model
itself in the process.
The main long-term goal of this research program is to translate the basic findings
about the speech production operations and impairments into clinical application, such as
diagnostic tools and treatment approaches, to improve treatment outcomes for speakers
with AOS and aphasia. The results from this dissertation suggest several directions for
future research with clinical application. For example, in addition to significant
differences in RT patterns between the AOS group and the Aphasia group, significant
differences were also observed on an individual level for most but not all speakers. This
suggests that RT paradigms may have potential diagnostic value but their application
would need further development to make them suitable for clinical use. In its current
form, the RT tasks employed in this research are too time-consuming for clinical practice
and further investigation is needed to improve the sensitivity of these tasks. Three
possibilities to pursue are (a) establishing the tasks and materials that generate the
maximum extent of competition between the speech motor programs at the level of the
speech motor planning buffer, (b) developing automated methods to facilitate rapid,
reliable measurement of RTs, and (c) investigating the possibility of manipulating the
difficulty level of the task. Currently, the differences in RT patterns between speakers
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from the AOS group and the Aphasia group were most evident for the moderate or mildto-moderate speech motor planning impairment level (as judged based on the Apraxia of
Speech Rating Scale; Strand, Duffy, Clark, & Josephs, 2014). By finding ways to
increase and decrease the speech motor planning load in these tasks, it may be possible to
widen the range of impairment levels at which this task could be informative. Finally,
even if RT paradigms themselves prove inadequate for the purpose of differential
diagnosis in clinical settings, the results of the current study suggest that they have value
as an objective measure for investigating the speech motor planning in typical and
impaired speakers; as such, they can be used to validate more clinic-friendly measures,
such as perceptual scales. Currently, the perceptual tools are caught in the problem of
circularity where tests based on perceptual evaluation of speech characteristics are
validated against the gold standard – an expert opinion based on the same perceptual
characteristics. The findings from this dissertation suggest that RT methods may have
value in helping to break this problem of circularity by providing a third, objective data
point.
Beyond differential diagnosis, the idea that one component of the speech motor
planning impairment in AOS involves the program retrieval deficit suggests new possible
directions for treatment research in AOS and aphasia. For example, people with AOS
may benefit from practicing tongue-twister type of sequences that require the planning of
several similar speech motor programs simultaneously and resolving competition at the
level of the speech motor planning buffer. Currently, it is not known whether practice
with resolving the competition at the speech motor planning level would be helpful for
people with AOS either by rehabilitation of the impaired mechanism or by revealing
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compensatory techniques that could minimize the effect of the retrieval difficulty for
successful communication.
Finally, this dissertation represents a hypothesis-driven and model-guided
approach to studying speech production impairments. One possible outcome for this type
of investigation is that the classic syndromes (e.g., AOS, conduction aphasia, Broca’s
aphasia) may prove suboptimal as classifications that can guide treatment, even though
the latter is one of the main functions for such classifications (or any classifications of
communication impairments). A future research step supported by the findings of this
dissertation is to examine whether people who show a retrieval deficit impairment on RT
tasks, also show positive gains in therapy that is specifically designed to target this
underlying process regardless of whether this person classifies as having AOS or not
based on the gestalt clinical judgment. By searching for a cluster of speech
characteristics, as the field currently does for the diagnosis of AOS (Ballard et al., 2015)
or different aphasia syndromes (Boston Diagnostic Aphasia Examination; Goodglass,
Barresi, & Kaplan, 1983; Western Aphasia Battery; Kertesz, 1982), we may be blinded to
the possibility of encountering an impairment of a certain function in a context of other
impaired processes that co-occur less commonly. A process-oriented approach, such as
the one proposed above, may prove useful in circumventing this problem by at least
complementing, if not replacing, the syndrome-guided approach.
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