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Auditory Masking Effects on Speech Fluency in
Apraxia of Speech and Aphasia: Comparison
to Altered Auditory Feedback

Adam Jacks® and Katarina L. Haley?

Purpose: To study the effects of masked auditory feedback
(MAF) on speech fluency in adults with aphasia and/or
apraxia of speech (APH/AOS). We hypothesized that adults
with AOS would increase speech fluency when speaking
with noise. Altered auditory feedback (AAF; i.e., delayed/
frequency-shifted feedback) was included as a control
condition not expected to improve speech fluency.

Method: Ten participants with APH/AOS and 10
neurologically healthy (NH) participants were studied under
both feedback conditions. To allow examination of individual
responses, we used an ABACA design. Effects were
examined on syllable rate, disfluency duration, and vocal
intensity.

Results: Seven of 10 APH/AOS participants increased fluency
with masking by increasing rate, decreasing disfluency
duration, or both. In contrast, none of the NH participants
increased speaking rate with MAF. In the AAF condition, only

1 APH/AQOS participant increased fluency. Four APH/AOS
participants and 8 NH participants slowed their rate with AAF.
Conclusions: Speaking with MAF appears to increase fluency
in a subset of individuals with APH/AQS, indicating that
overreliance on auditory feedback monitoring may contribute
to their disorder presentation. The distinction between
responders and nonresponders was not linked to AOS
diagnosis, so additional work is needed to develop hypotheses
for candidacy and underlying control mechanisms.

cquired apraxia of speech (AOS) is a neurologic

disorder of speech production that, in the setting

of stroke, usually results from lesions that include
left inferior-posterior frontal cortex. The disorder is mani-
fested through substituted and distorted articulation of speech
sounds, slow rate of speech, and abnormal prolongation
of pauses or sound segments (Wambaugh, Duffy, McNeil,
Robin, & Rogers, 2006)." Speech fluency is often impaired
in additional ways, with frequent attempts to self-correct
errors, audible and visible groping of the articulators, and
repetition of speech sounds and syllables (Duffy, 2013).
These self-corrections often do not improve articulation ac-
curacy (Marshall & Tompkins, 1982) and may exacerbate
the communication problem due to misleading prosodic
marking of revisions (Liss, 1998).

Few treatment studies have focused on reducing
disfluencies in people with AOS (although see Brendel &
Ziegler, 2008; Goldberg, Haley, & Jacks, 2012; Mauszycki
& Wambaugh, 2008). Instead the literature has been largely
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focused on articulatory-kinematic treatment approaches
for AOS, with most outcomes including accuracy of speech
sound production (Ballard et al., 2015; Wambaugh et al.,
2006). The focus of the present research is to determine

if masked auditory feedback (MAF) can increase speech
fluency in adults with AOS.

The study was motivated by a theoretical account of
how MAF may affect speech fluency in AOS. Effects on
left-hemisphere stroke survivors with other impairment pro-
files were also examined as a point of comparison and be-
cause the majority of the extant literature on the effects
of auditory feedback modification was based on study par-
ticipants from a broad population of people with aphasia.

Disfluency in Aphasia and AOS

Fluency in aphasia is linked to diverse speech and
language qualities (Feyereisen, Pillon, & de Partz, 1991;
Gordon, 1998). Although early work attributed much of

"Variability and consistency of speech sound production have been
omitted from the discussion of diagnostic characteristics of AOS, due
to recent research casting doubt on the usefulness of this feature for
diagnosis (Haley, Jacks, & Cunningham, 2013; Staiger, Finger-Berg,
Aichert, & Ziegler, 2012).
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the fluency distinction to phrase length (Goodglass, Quadfasel,
& Timberlake, 1964), other factors, including impaired
grammatical form, articulatory struggle, effortful initiation,
reduced speech rate, abnormal prosody, and awkward articu-
lation, are routinely included in the concept (Benson, 1967;
Goodglass et al., 1964; Park et al., 2011).

Disfluent speech production is a prominent feature of
AOS as well. When Darley (1968) described the disorder,
he noted that it was characterized by repetitious output that
“sounds much like stuttering” (p. 9). Repetition of speech
sounds is a common disfluency in AOS, comprising 18% of
speech errors in one early study (Johns & Darley, 1970) and
6% of all productions in another (Trost, 1970). More com-
plex disfluencies also occur, reflecting apparent attempts
to repair inaccurate productions. These are described vari-
ously in the literature as false starts (Johns & Darley, 1970),
re-approach behavior (Trost, 1970), and revisions (Liss, 1998).
They have in common the production of a final utterance
preceded by audible vocal output, including one or more
speech sounds differing from the target (e.g., filler words er,
um), and they are quite common, occurring in 12% of all
productions in one study (Trost, 1970) and 18% in another
(McNeil, Odell, Miller, & Hunter, 1995).

Self-corrections are also common, and possibly more
prominent, in conduction aphasia. Odell, McNeil, Rosenbek,
and Hunter (1991) noted a high rate of apparent “struggle”
behavior in study participants with AOS, but an even higher
rate in participants with conduction aphasia. Likewise,
McNeil et al. (1995) found that attempts (i.e., unsuccessful
production attempts resulting in revisions), although common
in speakers with AOS, were even more common in speakers
with conduction aphasia. Disfluency may also be observed
during word-finding problems and is therefore linked to a
variety of aphasia profiles.

In addition to repetitions and revisions, prosodic and
articulatory features of AOS contribute to the perception
of disfluent output. Overall slow rate of speech (Kent &
Rosenbek, 1983), prolongation of sound segments, and
silent intervals between segments (McNeil, Liss, Tseng, &
Kent, 1990; Odell et al., 1991; Strand & McNeil, 1996) also
represent deviations from the normal time course of speech
production, thus affecting the forward flow of speech.

Regardless of the cause, speech disfluency can be
problematic for the listener, requiring greater effort to pro-
cess and resulting in poorer recall of messages (Panico &
Healey, 2009) and making speakers vulnerable to losing their
conversational turn (Perkins, 1995). Self-corrections may
be justified if they improve the eventual communicative mes-
sage. However, several studies unfortunately have found
that self-corrections for speakers with nonfluent aphasia
or AOS are successful less than half of the time (Farmer,
1978; Marshall & Tompkins, 1982; McNeil et al., 1995).

The Impaired Feedforward, Intact Feedback
Hpypothesis for AOS

The speech impairment in AOS is thought to reflect
damage to learned motor programs for speech production

(McNeil, Robin, & Schmidt, 2008). In the directions into
velocities of articulators (DIVA) model of speech processing
(Guenther, Ghosh, & Tourville, 2006), speech motor pro-
grams are conceptualized as “feedforward” control processes
that represent mappings between phonemic representations
and spatial and temporal movement parameters. These map-
pings are learned during development and allow the mature
speaker to produce rapid, accurate, and consistent speech
movements in a variety of contexts. The feedforward system
relies on feedback from both somatosensory and auditory
processing systems to evaluate speech output. The feed-
back processing system for speech is slower than the feed-
forward system, but allows the speaker to make adjustments
for altered speaking conditions (e.g., speaking with a pencil
between the teeth or with a dental appliance) or to repair
erTors.

In previous work, we have suggested that speech
characteristics of AOS reflect impaired feedforward con-
trol as well as spared or overactive somatosensory and
auditory feedback (Jacks, 2008; see also Maas, Mailend,
& Guenther, 2015; Robin, Jacks, Hageman, Clark, &
Woodworth, 2008; Rogers, Eyraud, Strand, & Storkel,
1996). Therefore, imprecise articulation and difficulty pro-
ducing complex articulatory combinations may be explained
by impairment of the feedforward system, whereas the slow
rate of speech and prolongation of vowels and consonants
may be accounted for by compensatory use of the slower
operating feedback processing for speech. In addition, over-
reliance on feedback control may cause a speaker to be
hypervigilant to the speech errors, such that he or she re-
peatedly interrupts and repairs speech production, resulting
in unproductive disfluencies such as those described in the
previous section.

Predictions of MAF on Speech Output

The feedforward-impaired, feedback-spared account
of AOS leads to some logical predictions in running speech,
particularly when considering what happens when access
to the feedback system is diminished—for example, by
masking the auditory signal with noise. On the one hand,
if people with AOS use auditory information to monitor
articulatory performance and provide corrective feedback,
then masking this signal may result in less precise speech
output. For example, neurologically healthy (NH) speakers
may produce “blurred” or less intelligible speech when
talking in noise (Pickett, 1958; Pitman, 1943; but see
Van Summers et al., 1988).

On the other hand, if attending to speech errors re-
sults in speech disfluencies in people with AOS, then speak-
ing while listening to noise may allow them to reduce these
disfluencies by reducing access to the auditory signal. MAF
has often been shown to temporarily reduce disfluencies
in persons who stutter (e.g., Andrews, Howie, Dozsa, &
Guitar, 1982; Cherry, Sayers, & Marland, 1955; Ingham
et al., 2009; Sternberg, 1946). Although AOS and stutter-
ing are not the same disorder, auditory masking is gener-
ally thought to affect persons who stutter by suppressing a
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hypervigilant auditory perception system (e.g., Cherry et al.,
1955; Civier, Tasko, & Guenther, 2010; but see Postma &
Kolk, 1993; Wingate, 1970). Because this is similar to the
mechanism we have hypothesized for AOS, we reasoned
that auditory masking might have a fluency-inducing effect
in this population.

Effects of MAF on Speech Output
in Aphasia and AOS

Early research suggested that auditory masking im-
proves verbal output in people with aphasia (e.g., Birch &
Lee, 1955). However, this literature is marked by discrepant
findings and is limited by sparse and inconsistent character-
ization of the disorder presentation and the affected speech
behavior. Birch and colleagues (Birch, 1956; Birch & Lee,
1955) found that a majority of speakers with motor aphasia
increased the quantity and “enunciation” of verbal output
and decreased the response latency when reading or naming
words while hearing a 60-80 dB pure tone presented over
headphones. Later studies were unable to replicate Birch’s
strong findings in people diagnosed with expressive aphasia
(Weinstein, 1959; Wertz & Porch, 1970) or in people diag-
nosed with AOS (Deal & Darley, 1972). These early re-
searchers examined diverse outcome measures, including
naming accuracy (Weinstein, 1959), speech errors (Deal &
Darley, 1972), and a multidimensional rating of speech
quality (Wertz & Porch, 1970), but did not consider poten-
tial changes to speech fluency. More recently, two studies
(Manasco, Dagenais, Holdsworth, & Brown, 2010; Manasco,
2008) examined the effects of auditory masking on fluency
in 13 adults with aphasia. As in earlier studies, the results
were mostly negative, with only one participant decreasing
disfluencies with masking noise and one other reducing
speech errors. Although these findings are not promising for
potential effects of masking on speech fluency, the speech
task used—primarily single-word repetition—did not provide
realistic opportunities for speech disfluency.

Two studies have examined the effects of auditory
masking on acoustic measures of speech production in adults
with AOS and aphasia. Rogers et al. (1996) tested the effects
of auditory masking noise on vowel durations in monosyl-
labic words for three speakers with AOS. They reasoned that
if people with AOS lengthen vowels due to a compensatory
feedback processing strategy, then blocking access to audi-
tory feedback would reduce vowel duration. Contrary to this
prediction, vowel productions for two of the three partici-
pants were actually longer in noise than in quiet. The result
is in keeping with reports that speaking in noise leads to lon-
ger vowel durations, both for NH speakers and for people
with AOS or aphasia (Maas et al., 2015).

Maas et al. (2015) hypothesized that inability to com-
pensate via auditory feedback mechanisms for impaired
feedforward control would result in reduced vowel space.
A group of six speakers with AOS showed significantly
reduced vowel contrast when speaking in noise, whereas
older controls and adults with aphasia who did not have

AOS did not show this effect. Although these results appear
to support the feedforward-impaired, feedback-spared ac-
count of AOS, individual results showed that this group
difference was driven by only three of the six participants
with AOS, reflecting similar individual variability as seen in
previous studies.

In summary, the literature on masking studies in
APH/AOS remains sparse, and the studies available are
mixed with respect to the predictions we advanced from the
feedforward-impaired, feedback-spared account of AOS.
With respect to effects on articulatory precision, Birch (1956)
reported that 75% of her participants improved verbal per-
formance with masking noise; however, details were limited
to subjective description of speech. Later studies resulted in
mixed results (Deal & Darley, 1972; Manasco et al., 2010;
Manasco, 2008; Rogers et al., 1996; Weinstein, 1959; Wertz
& Porch, 1970), whereas the most recent study (Maas
et al., 2015) supported the notion that speakers with AOS
are less precise when speaking in noise. The effect of masking
noise on disfluency was only studied by Manasco, also show-
ing mixed results (Manasco, 2008; Manasco et al., 2010).

Effects of Altered Auditory Feedback on Speech
Output in Aphasia and AOS

We began this line of research with the prediction that
MAF would benefit speech fluency in adults with AOS.
However, to determine if effects were specific to auditory
masking, we included a second feedback condition that has
enhanced fluency in other populations. We chose to alter
the speaker’s auditory perception of his or her own speech
with a combination of delayed auditory feedback (DAF)
and frequency shifted feedback—together considered altered
auditory feedback (AAF). This was a natural choice, be-
cause delayed and frequency shifted feedback have been
documented to reduce disfluencies in persons who stutter
(Howell, El-Yaniv, & Powell, 1987; Ryan & Van Kirk, 1974;
Stuart, Kalinowski, Rastatter, Saltuklaroglu, & Dayalu,
2004). However, because delayed feedback often results in
slowed speech rate—the opposite of our prediction for audi-
tory masking—AAF provides an opportunity to observe
a distinct response pattern.

Although many studies have demonstrated fluency-
inducing effects of AAF in persons who stutter, it is unclear
by what mechanism this occurs (Alm, 2004; Kalinowski &
Saltuklaroglu, 2003; Stuart et al., 2004). Recent evidence
suggests that stuttering may be caused by slowed integration
of auditory feedback with corrective motor commands for
ongoing movements (Cai, Beal, Ghosh, Guenther, & Perkell,
2014; Loucks, Chon, & Han, 2012). It is possible that by
artificially delaying the presentation of feedback, the audi-
tory system is able to more effectively integrate the informa-
tion with ongoing speech processes. Notably, delayed
feedback usually results in a slowed speech production rate
(Lee, 1950), likely an adaptation to allow feedback to be
received more synchronously with speech commands.
This slow speech rate with DAF led early researchers to
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attribute increased fluency to the speed itself (Wingate,
1970). However, Kalinowski and colleagues (Kalinowski,
Armson, & Stuart, 1995; Macleod, Kalinowski, Stuart, &
Armson, 1995; Stuart, Kalinowski, Armson, Stenstrom,
& Jones, 1996) have repeatedly shown that stuttering

can be reduced with delayed and frequency-shifted feed-
back while maintaining a normal or even fast rate. Never-
theless, Howell and colleagues (Howell, Au-Yeung, &
Pilgrim, 1999; Howell & Sackin, 2000) attributed the
fluency effect with AAF to slowed articulation at the syl-
lable level (i.e., increased syllable durations), suggesting
that the overall normal speech rates found by Kalinowski
et al. (1995) were achieved by reducing longer pauses in the
utterances.

If AAF operates on stuttering disfluencies by allow-
ing additional time for a slowed auditory processing system
to integrate feedback with ongoing movements, then we
would not expect increased fluency for persons with AOS,
for whom auditory feedback is generally considered to be
unimpaired (e.g., Square-Storer, Darley, & Sommers,
1988). In fact, we might expect people with AOS to reduce
their already slow speech rate with AAF, assuming their
auditory feedback processing is normal. In contrast, per-
sons with aphasia characterized by some level of auditory
processing impairment and faster speech rate might benefit
from fluency inducing effects of AAF, by slowing the
speech rate and allowing more time for processing auditory
input.

Frequency-shifted feedback has not yet been explored
in adults with aphasia or AOS, though effects of delayed
feedback have been reported. In the earliest study of DAF
in aphasia, Stanton (1958) found that most participants
with expressive-only aphasia responded to a 180-ms delay
in a manner similar to NH controls—with prolonged
vowels (i.e., slowed rate), flattened intonation, sound repeti-
tions, and substitution errors. In other words, DAF wors-
ened, rather than improved, speech accuracy and fluency
in participants with expressive aphasia. In contrast, the ma-
jority of participants with some receptive impairment im-
proved speech production with the delay. Later studies also
suggest a difference in response according to aphasia type.
For example, Boller and colleagues (Boller, Vrtunski, Kim,
& Mack, 1978; Chapin, Blumstein, Meissner, & Boller,
1981) found that speakers with Broca’s aphasia responded
to DAF in a similar manner as NH speakers—with longer
vowel durations, greater intensity, and increased errors,
whereas people with fluent aphasia types (e.g., Wernicke’s,
conduction, posterior) showed little change in vowel dura-
tion and intensity. Consistent with Stanton’s report, Chapin
et al. (1981) also found that speakers with conduction
aphasia reduced repetitions and sound substitutions with
DAF, whereas those with Broca’s aphasia increased repeti-
tions and substitution errors. Although these reports do
not provide a definitive explanation for the improvement
with DAF in adults with conduction aphasia or receptive
involvement, the results indicate that speakers may benefit
from a delayed signal by allowing them additional time
to process auditory feedback information.

One study examined the effect of DAF in people with
dyspraxia of speech (i.e., AOS). Lozano and Dreyer (1978)
studied the effect of 180-ms DAF on word production in
five adults with AOS and minimal aphasia.? Although there
was no group effect on disfluencies or speech errors, individ-
ual speakers showed different response patterns. Two par-
ticipants produced fewer repetitions, self-corrections, and
pauses under DAF conditions, whereas one participant
clearly increased repetitions and pauses.

Individual Variability

The question of whether MAF has a beneficial or
detrimental effect on speech in adults with aphasia or AOS
has been revisited several times in the past 60 years (Birch,
1956; Manasco et al., 2010; Weinstein, 1959; Wertz &
Porch, 1970). In each study except for Birch, the conclusion
was that masking was not generally beneficial to the par-
ticipants studied, and this was the message passed forward
to future researchers. Despite the overall negative reports,
however, there were participants in each study who benefited,
at least in a subset of tasks. To us, this suggests that MAF
may yet provide clinical benefit to some—though not all—
participants with aphasia or AOS. The observation of in-
dividual differences in previous work strongly informed our
approach in this study. In particular, although our predic-
tions are based on a theoretical concept of AOS, the variable
results from prior studies led us to consider each participant
individually to determine whether they responded to the
masking condition or not. In this report we will consider
the characteristics of responders and nonresponders to seek
potential commonalities—related to diagnosis type or other
factors—that may predict a potential response in other
participants not yet observed.

Purpose

The purpose of this study was to investigate the
effect of MAF on speech fluency in adults with aphasia
and AOS (APH/AOS), with comparison to delayed and
frequency-shifted (i.e., altered) auditory feedback (AAF).
We hypothesized that participants with AOS would in-
crease speech rate or decrease duration of disfluencies
under MAF due to decreased distraction from auditorily
perceived errors. In contrast, we predicted a slower speech
rate with AAF in people with AOS, as found previously for
many speaker groups. Performance of NH speakers also
was examined to serve as a reference point for typical re-
sponse to these conditions.

Method
Participants

The participants were 10 adults (five women, five men)
with speech or language impairments due to left-hemisphere

“Diagnosis of dyspraxia of speech was based on characteristics used for
diagnosis of AOS at that time (Johns & Darley, 1970).
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damage to the brain (see Table 1).> In all cases but one, the
injury was due to a left-hemisphere stroke; P2 experienced
focal damage due to blunt force trauma to the head. Nine
participants were native speakers of English; one individual
was a native speaker of an African creole language (P9).
Five participants were excluded from the study because
they were unable to attempt sentence production, two be-
cause they had no perceptible speech impairment, and one
due to a moderate cognitive impairment. Ten neurologically
healthy participants were also recruited as controls (five
women; five men, average age 63;10 [years;months]; range =
35;4-75;10). All participants were native speakers of En-
glish, passed a pure-tone hearing screening, and scored 0 on
the Questionnaire for Verifying Stroke-Free Status (Jones,
Williams, & Meschia, 2001). The study was approved by the
University of North Carolina at Chapel Hill Institutional
Review Board, and all participants provided signed consent.

Evaluation

Testing included administration of the Western
Aphasia Battery—Revised (WAB-R; Kertesz, 2006), the
Test of Nonverbal Intelligence, Fourth Edition (TONI-IV;
Brown, Sherbenou, & Johnsen, 2010), an oral mechanism
examination, a 38-item Motor Speech Examination, single-
word intelligibility testing (Haley, Roth, Grindstaff, &
Jacks, 2011), and hearing screening (see Table 1 for individ-
ual results). Aphasia Quotients (AQs) from the WAB-R
ranged from 30 to 96, with a median of 76. Three partici-
pants profiled with Broca’s, five with anomic, one with
transcortical motor, and one with conduction aphasia. On
the TONI-IV, percentile scores ranged from 17 to 58, with
a median of 28. Single-word intelligibility ranged from
21% to 95%, with a median of 64%. Six participants passed
pure-tone hearing screening at 25 dB bilaterally (0.5, 1, 2,
4, 6, and 8 kHz), whereas three passed at a more lenient
40 dB criterion for 0.5, 1, and 2 kHz in at least one ear
(Weinstein & Ventry, 1983).

Differential Diagnosis of AOS

Diagnoses of AOS (n = 5), aphasia with phonemic
paraphasia (APP; n = 1), minimal speech impairment
(MIN; n = 1), or borderline AOS (n = 2) were determined
on the basis of consensus ratings of segmental errors and
temporal prosody by the authors and one additional rater—
all certified speech-language pathologists (see Table 1 for
participant diagnoses and the online supplemental material
for detail on the diagnostic process, including Supplemental
Table 1 for consensus ratings for each participant). In one
case (P4), an atypical presentation of AOS was noted. Al-
though pervasive speech sound errors were noted in both
multisyllabic words and sentences, the prosodic features
of AOS (slow rate and prolongations) were present only in
multisyllabic words and not in sentences. In another case

3For ease of interpretation, the participants are ordered according to
the mean difference in syllable rate between the masking condition and
the preceding baseline condition, with participants having a greater
response to masking presented first.

(P9), the presence of dysarthria and second-language speech
features predominated, and none of the above diagnoses
was deemed appropriate. When dysarthria was present in
other speakers, the features of the diagnosed disorder (e.g.,
AOS, APP) were considered more salient than those due to
dysarthria alone.

Dysarthria Ratings

To determine the presence of dysarthria, ratings of vocal
quality and nasal resonance were completed by the authors
(see the online supplemental material). Four participants
had evidence of unilateral upper-motor neuron dysarthria
based on mild (P8) or moderate (P4) harsh vocal quality,
moderate strained-strangled quality (P1), or moderate
hoarse quality (P9). Imprecise consonants and intermittent
hypernasality were also noted, but were not used for dys-
arthria diagnosis, due to the confounding presence of
AOS with segmental distortion and distorted substitution/
addition errors. Confirmatory nonspeech signs of dysarthria
(asymmetric smile, weak lip seal, and asymmetric velar ele-
vation) were present in the four participants with phonatory
involvement.

Procedures

A treatment introduction and withdrawal design
were used to test the effects of modified feedback on speech
fluency. Participants produced sentences in an ABACA
paradigm, with normal auditory feedback (NAF) in the
A conditions and modified feedback in the B and C con-
ditions. For eight participants, AAF (i.e., delayed and
pitch-shifted) was the first modified condition; in the re-
maining two (P8, P9), auditory masking was the first modi-
fied condition. Each experimental phase included 20 sentence
trials, with stimuli drawn from the Harvard sentences cor-
pus (IEEE Audio and Electroacoustics Group, 1969), which
includes 72 phonetically balanced lists of 10 sentences. A
different set of 20 sentences was used for each phase, and
they were presented in random order.

Each trial began by presenting the written sentence
on the screen, accompanied by a recording of the sentence.
When the participant was ready to produce the sentence, the
investigator advanced the computer program. The written
cue disappeared for 3 s while the condition was introduced
(i.e., silence for NAF and AAF; masking noise for MAF).
Following the 3-s delay, the written sentence reappeared,
cueing the participant to begin speaking. During normal
feedback conditions, participants were able to hear their
voice as normal, as the audio channel for the microphone
was routed to their earphones using the sound card control
panel. Throughout the masked and altered conditions,
the microphone channel was muted so that participants
could only hear the masking noise or the delayed and
shifted version of their voice via air conduction. In the
masking condition, the noise was turned off immediately
following each trial to allow the auditory cue for the follow-
ing trial to be heard. Prior to the experimental trials, par-
ticipants were introduced to the listening conditions and the
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Table 1. Participant information.

WAB-R Results

Single Harsh Hearing
Participant Time word Speech vocal Hypernasal screen TONI Spont.  Aud.
ID Age Sex postonset intell. diagnosis rating rating level (%) AQ Type Fluency speech Comp. Repetition Naming
P1 66;6 F 2;3 21 AOS Mod. Mild 25 37 76 Broca 4 13 9.6 6.8 8.4
p22 30;3 F 0;3 87 AOS Equiv. Equiv. 25 32 96 Anomic 9 19 10 9.2 9.8
P3 39,10 M 1;1 93 MIN Norm. Norm. 25 58 85 Anomic 9 18 8.4 7.5 8.8
P4 52;6 M 0;6 44 AOSP Mild-Mod Equiv. 40 39 30 Broca 3 5 5 4 1
P5 46;2 F 6;2 92 BORD® Norm. Norm. 40 21 94 Anomic 9 19 10 8.8 9
P6 66;8 F 0;5 55 AOS Equiv. Equiv. 40 37 60 Broca 2 11 7.8 4.8 6.7
P7 47;2 M 0;5 95 APP Equiv. Equiv. 25 19 93 Anomic 9 19 9.4 9.7 8.5
P8 80;8 M 13;2 70 AOS Mild Norm. 40 17 69 Cond. 6 14 9.3 6 5.1
P9 66;7 M 2;7 58 Dys¢ Mild-Mod Mild 25 24 76 Anomic 5 14 7.6 8.2 8.4
P10 39;3 F 0;1 35 BORD® Mild Equiv. 25 17 70 Transcortical Motor 4 12 8.4 8 6.8

Note. TONI = Test of Nonverbal Intelligence (Brown et al., 2010); WAB-R = Western Aphasia Battery- Revised (Kertesz, 2006); AQ = aphasia quotient; AOS = apraxia of speech; MIN =
minimal speech impairment; BORD = borderline AOS; APP = aphasia with phonemic paraphasia; DYS = dysarthria; Aud. Comp. = auditory comprehension. Age and Time post-onset
are represented in years and months (YY;MM). Hearing screening was completed at 25 dB at 0.5, 1, 2, 4, 6, and 8 kHz or at 40 dB at 1, 2, and 4 kHz. Ratings for harsh vocal quality and
hypernasality were completed on a rating scale with the following levels: Normal (Norm.); Mild, Equivocal (Equiv.); Mild, Mild-Moderate (Mild-Mod.), Moderate, Severe, and Profound.

ap2 experienced a focal traumatic injury, whereas all others had survived stroke. °P4 had all signs of AOS in multisyllabic words (articulatory distortions, slow rate, and prolongations);
however, in sentences slow rate and prolongations occurred rarely. “Borderline AOS classification was identified in P5 due to articulatory distortions in approximately half of multisyllabic
words and less than half of sentences, and abnormal prosody at the sentence level only. “P9 was a nonnative speaker of English, with voice characteristics consistent with a unilateral
upper motor neuron dysarthria. °Borderline AOS classification was identified in P10 because of articulatory distortions, but she had no evidence of dysprosody.




sequence of trials during short practice sessions, including
two sentences per condition. Participants were instructed
to speak at a natural rate and loudness, regardless of the
auditory condition.

Experimental tasks were presented with A/vin2 soft-
ware (Hillenbrand & Gayvert, 2005) on a PC running 64-bit
Windows 7. Speech was recorded with a headset microphone
via an external USB sound card (M-Audio Fast Track
Ultra; Avid Technologies, Inc., Burlington, MA). Audio
was recorded using a headset microphone (C555L; AKG
Acoustics GmbH, Vienna, Austria), and audio stimuli were
delivered via foam-tipped earphones (ER-3A; Etymotic
Research, Inc., Elk Grove Village, IL).

In the masking condition, pink noise was delivered
binaurally at 85 dB SPL, calibrated using a Larson-Davis
System 824 sound level meter (Depew, NY) with a 2-cc
coupler (GRAS RA0038, Holte, Denmark). Pink noise, a
random signal similar to white noise, was used as a masker
due to its characteristics of having greater intensity at lower
frequencies and lower intensity at higher frequencies, similar
to the spectrum of human speech. In the AAF condition,
our goal was to induce a delay of 100 ms and a one-octave
frequency shift, consistent with AAF parameters used in
persons who stutter (Lincoln, Packman, Onslow, & Jones,
2010). For the two participants tested first (P1, P6), the al-
tered feedback was generated with Live Lite 8 software
(Ableton, Inc., Pasadena, CA) with a plugin to shift frequen-
cies down by one octave. The time delay was 116 ms for P1
but only 25 ms for P6. In order to improve the consistency
of the temporal delay and to allow us to use an upward
frequency shift, a custom command-line utility was devel-
oped to alter feedback for the remaining participants. This
command-line utility was based on the Synthesis ToolKit
in C++ (Cook & Scavone, 2012) and consistently yielded a
one-octave upward shift and 106-ms delay. Accuracy of
the auditory manipulation was confirmed by creating a
two-channel recording with the microphone input in the
first channel and the altered auditory signal in the second
channel. This allowed us to measure both the temporal
delay and the frequency shift.

Speech Coding

The effect of masking on speech production was as-
sessed through measurement of speech rate (syllables/second),
disfluency duration (seconds), and vocal intensity (dB).
Prior to manual coding, a series of processing steps was
completed using Praat (Boersma & Weenink, 2014) with
custom scripts. First, vocal intensity in decibels was obtained
from each speech sample for later analysis by condition. The
samples then were intensity-normalized to a common value
to reduce potential listener bias in manual coding of dis-
fluencies. An automated syllable identification routine was
used to locate syllable peaks, based on a script by De Jong
and Wempe (2009). The script was modified to identify
syllable boundaries, using an iterative algorithm using
intensity-based thresholds (Haley, Jacks, de Riesthal, Abou-
Khalil, & Roth, 2012; Rosen, Kent, Delaney, & Dufty, 2006).

Syllable peaks and boundaries were saved to Praat TextGrids
for later editing by research assistants.

Manual Correction of Syllables

Praat TextGrids were corrected by inserting syllable
peaks and boundaries that were missed by the automated
script and by deleting aberrant peaks and syllable boundaries
detected by the script. Editing judgments were based on a
combination of auditory perception via headphones and visual
analysis of wideband spectrograms and intensity contours.

Coding of Disfluency Duration and
Syllable Rate Calculation

Disfluency duration was defined as the total duration
of intervals in each sentence that was coded as disfluent.
Although six specific disfluency categories were coded (see
below), disfluency duration depended on the placement
of temporal boundaries of disfluent intervals rather than
the differentiation among disfluency types. Coders were
instructed to mark disfluency boundaries such that if these
intervals were deleted from the sound file, the remaining
signal would be maximally fluent. Six disfluency types coded
in Praat TextGrids were included: (a) repetitions of speech
sounds, words, or phrases; (b) self-corrections/revisions;
(c) filler words; (d) pauses greater than 0.5 s; (e) filled pauses
(i.e., pauses interrupted with filler words); and (f) vowel
or consonant prolongations. Coders were instructed to use
their own perceptual judgment to determine whether a
vowel or consonant was abnormally prolonged; when
such segments occurred, the entire segment was coded as
prolonged. After syllable peaks and boundaries had been
verified manually, syllable rate was calculated automati-
cally as the total number of syllables produced divided by
the total time of each utterance.

Reliability

Two graduate students in speech-language pathology
independently coded 100% of the samples from seven of the
participants. Reliability between listeners for syllable rate and
disfluency duration measures was assessed using a Pearson
correlation, with median coefficients of 0.93 for syllable rate
(minimum = 0.87, maximum = 0.97) and 0.91 for disfluency
duration (minimum = 0.73, maximum = 0.96). Three other
participants were coded by only one student, who had dem-
onstrated high interrater reliability (mean Pearson correla-
tion = 0.91 across five participants). Two primary coders,
with primary coder defined as the first person to begin cod-
ing for each speaker, provided data for the study.

Data Analysis

Visual Inspection

To establish experimental control according to the
logic of the single-case research design and demonstrate
that fluency measures are related to the listening condition,
it is necessary to observe change in the dependent measure
both on introduction and withdrawal of a given condition
(e.g., increased rate with masking noise, decreased rate on

1676 Journal of Speech, Language, and Hearing Research « Vol. 58 « 1670—1686 ¢ December 2015



removal). To this end, median values for adjacent condi-
tions, illustrated in Figures 1 and 2, were compared.

Nonparametric Tests

Due to skewed distributions and unequal variances
between conditions for some measures, nonparametric tests

were used to compare performance across phases within
each participant. First, Kruskal-Wallis tests were run for
each of the dependent measures in all participants to de-
termine whether there was an overall effect of condition.
Wilcoxon rank-sum tests were used to compare dependent

measures for each significant Kruskal-Wallis test, with

Figure 1. Syllable rate results. Boxplots for rate (syllables per second) are shown for each participant in NAF, delayed and frequency shifted
feedback (i.e., AAF), and MAF conditions. Participants 8 and 9 received the conditions with MAF in the second position and AAF in the fourth
position; these conditions were presented in the reverse order for all other participants.
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Figure 2. Disfluency duration results. Boxplots for disfluency duration (in seconds) are shown for each participant in NAF, delayed and frequency
shifted feedback (i.e., AAF), and MAF conditions. Participants 8 and 9 received the conditions with MAF in the second position and AAF in the
fourth position; these conditions were presented in the reverse order for all other participants.

Disfluency Duration

10 4 2.0 — 10 —
P1 P2 P3
87 1.5 87
6 6 —
1.0
4 - 4 -
O =r=T- T 0.0 “r—r—r—v‘L—\ O = 1=
NAF AAF NAF MAF NAF NAF AAF NAF MAF NAF NAF AAF NAF MAF NAF
2.0 — 10 4 20 —
P4 Ps P6
1.5 8 15—
6 —
1.0 10 —
-~ 44
D
0.5+ 5
k) 2+
5 0ol
L 0.0 " pelopmle g gy 0= O —T 71—
e NAF AAF NAF MAF NAF NAF AAF NAF MAF NAF NAF AAF NAF MAF NAF
5
0 2.0 10 2.0
o P7 pa* ' Pg*
o 8
S 1.5 1.5
G 6
O 1.0 1.0+
4
0.5 ] 5 0.5 - ’-L‘
0.0 Aq ==t —p=—1 = Ot 00 g =r=r=1—1—)
NAF AAF NAF MAF NAF NAF AAF NAF MAF NAF NAF AAF NAF MAF NAF
2.0+
P10
1.5+
1.0 4 .
NAF: Normal Auditory Feedback
0.5 - AAF: Altered Auditory Feedback
MAF: Masked Auditory Feedback
00 === ="r=—1=
NAF AAF NAF MAF NAF
separate comparisons between each consecutive phase (B vs. analyses were adjusted to control false discovery rate for
A, A’ vs. B, etc.). Tests were completed using JMP statistical multiple comparisons using the Benjamini-Hochberg proce-
software (SAS Institute, Inc., Cary, NC), and results re- dure (Benjamini & Yekutieli, 2001). Statistical comparisons
ported for the two-sample normal approximation test, of the medians are presented in Tables 2 and 3 for effects of
using the Z statistic. Significance values for the Wilcoxon MAF and AAF, respectively.
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Table 2. Masked auditory feedback (MAF) effects on syllable rate, disfluency duration, and vocal intensity.

Syllable rate Disfluency duration Vocal intensity

Level change Variability change Level change Variability change Level change

Participant Speech MAF MAF MAF MAF MAF MAF MAF MAF MAF MAF
ID diagnosis effect release effect release effect release effect release effect release
P1 AOS 421 -1.58 — — -3.34* 0.71 -11.30** 0.53 537 533"
P2 AOS 4.04**  -8.18" — — -1.64 2.79* -3.34 1727 540 540"
P3 MIN 2.80" -2.31* — — -2.64* 1.7 -8.22* 3.34 5.40™*  -5.40"*
P4 AOS 2.69* -0.74 — — — — — — 5.40"*  -5.40"*
P5 BORD 2.58" -1.37 — — — — — — 5.40"*  -5.40"*
P6 AOS 2.50" -2.85" — — -2.33 2.39 — — 4.58* 513"
P7 APP 1.64 0.61 — — —2.49* 2.26 -15.95" 13.75™ 540"  -5.40"*
pa® AOS — — — — -1.83 1.83 -2.64 23 5.40"*  -5.40"*
po® DYS 0.5 -0.01 2.59 -5.08 — — — — 5.40"*  -5.40"*
P10 BORD — — — — — — -0.64 0.06 5.40* 540"
Note. AOS = apraxia of speech; MIN =minimal speech impairment; BORD = borderline AOS; APP = aphasia with phonemic paraphasia; DYS =

dysarthria. The effect of MAF on changed level and variability of syllable rate and disfluency is represented by nonparametric analyses (Wilcoxon
[Z score] for level changes; Fligner-Killeen [X?] for variability change). The effect of MAF represents comparison to the preceding baseline phase.
Release from MAF indicates comparison of MAF measures to the following baseline condition. Negative values indicate that level or variability
was reduced in comparison to the prior phase. Significance figures were adjusted for multiple comparisons using the Benjamini-Hochberg
method (Benjamini & Yekutieli, 2001). Comparisons were only made for participants for whom a Kruskal-Wallis test indicated an overall effect of
condition on a given factor. Em dashes indicate that tests among conditions were not completed because an overall effect was not found for
that participant using the Kruskal-Wallis test.

2P8 and P9 received the ACABA order (i.e., masking before altered feedback; A= NAF; B = AAF; C = MAF); all others received AAF before masking
(ABACA order).

*p < .05, *p < .01, **p < .001.

Variability Analysis

In addition to changes in the level of syllable rate or
disfluency duration, marked change in variability was
noted between conditions in some participants. Therefore,

additional tests were completed to determine the signifi-
cance of this change. The Fligner—Killeen median test
(Fligner & Killeeen, 1976) was used as an omnibus test to
determine whether variability of disfluency duration or

Table 3. Altered auditory feedback (AAF) effects on syllable rate, disfluency duration, and vocal intensity.

Syllable rate Disfluency duration Vocal intensity

Level change Variability change Level change Variability change Level change

Participant  Speech AAF AAF AAF AAF AAF AAF AAF AAF AAF AAF

ID diagnosis  effect release effect release effect release effect release effect release
P1 AOS -2.91* -0.2 — — 0.00 2.35 -1.75 8.15* 5.40"*  —-4.45"
P2 AOS -0.20 -1.28 — — -1.76 0.83 -5.49 0.93 4,91 537"
P3 MIN -0.72 -0.91 —_ — -1.3 2.21 —-0.48 4.51 3.34** 532"
P4 AOS 1.95 -0.59 — — — — — — -3.49"  -1.87

P5 BORD -2.85" 0.53 — — — — — — 5.15"*  —5.40"*
P6 AOS -1.25 2.21 — — -0.21 -0.60 — — 5.18"*  —4.43"*
P7 APP —4.42* 1.85 —_ — -2.11 2.39 -2.82 13.38* 461 -3.64""
pa® AOS — — — — -1.56 2.30 -3.36 7.60* 5.40"*  -5.40"*
P9? DYS -3.77* 212 -0.13 3.34 —_ —_ —_ — 4.29"*  -521***
P10 BORD — — — — — — -12.92* 1.03 2,77 487

Note. AOS = apraxia of speech; MIN = minimal speech impairment; BORD = borderline AOS; APP = aphasia with phonemic paraphasia;

DYS = dysarthria. The effect of AAF on changed level and variability of syllable rate and disfluency is represented by nonparametric analyses
(Wilcoxon [Z score] for level changes; Fligner-Killeen [X?] for variability change). The effect of AAF represents comparison to the preceding
baseline phase. Release from AAF indicates comparison of AAF measures to the following baseline condition. Negative values indicate that
level or variability was reduced in comparison to the prior phase. Significance figures were adjusted for multiple comparisons using the
Benjamini-Hochberg method (Benjamini & Yekutieli, 2001). Comparisons were only made for participants for whom a Kruskal-Wallis test
indicated an overall effect of condition on a given factor. Em dashes indicate that tests among conditions were not completed because an
overall effect was not found for that participant using the Kruskal-Wallis test.

2P8 and P9 received the ACABA order (i.e., masking before altered feedback; A = NAF; B = AAF; C = MAF); all others received AAF before masking.
*p < .05, *p < .01, **p < .001.
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syllable rate differed across conditions for a given partici-
pant, using an uncorrected alpha of 0.05. For significant
tests, follow-up Fligner-Killeen tests were completed to com-
pare the variance of adjacent conditions. Significance values
were adjusted for multiple comparisons using the Benjamini-
Hochberg procedure. Results are reported in Tables 2 and 3
for effects of MAF and AAF, respectively.

Results

The two feedback conditions had different effects on
speech fluency. For most speakers with aphasia or AOS,
speech rate increased under masking noise (MAF) but
decreased with delayed and frequency-shifted feedback
(AAF; see Figure 1). For several participants with aphasia
or AOS, MAF resulted in both decreased level and variabil-
ity of disfluency duration, whereas AAF decreased the
variability but not the overall level of disfluency duration
(see Figure 2). In contrast to the APH/AOS speakers, none
of the NH speakers increased speech rate with masking,
whereas AAF resulted in a slowed rate as predicted. NH
speakers had negligible disfluencies in any condition, and
no effect of either condition was seen for this measure.

In the following, results are presented first for the ef-
fects of MAF on speech in participants with APH/AOS
(see Table 2), followed by AAF in APH/AOS (see Table 3).
Within each section, we examine syllable rate, disfluency
duration, and vocal intensity measures using visual inspec-
tion of Figures 1 and 2 and nonparametric statistics (see
Tables 2 and 3). Note that the organization of Figures 1 and
2 differ from Tables 2 and 3. In particular, each Figure fo-
cuses on a single dependent measure (e.g., syllable rate,
disfluency duration), displaying individual results for all feed-
back conditions. In contrast, the Tables focus on the feed-
back condition, showing the effect for each dependent
measure. Results of the NH participants are presented fol-
lowing the APH/AOS findings.

Effects of MAF

Syllable Rate

As shown in Figure 1, nine of 10 participants (all but
P9) increased syllable rate numerically with masking noise.
When masking noise was removed, speech rate decreased in
eight participants (all but P7). Wilcoxon comparisons be-
tween conditions indicated that syllable rate increased signifi-
cantly with MAF for participants 1-6, though the return to
baseline resulted in a significant decrease for only three
speakers (P2, P3, P6; see Table 2). Syllable rate variability
was not systematically affected by speaking condition, includ-
ing masking noise. Although the omnibus Fligner-Killeen
test for unequal variances was significant for P9 (X* = 10.32,
p < .05), follow-up comparisons revealed no significant
differences in variability of syllable rate for masking noise
(see Table 2).

Relating the syllable rate results to the speech diagno-
ses, four of the six participants who significantly increased
rate with masking noise had profiles consistent with AOS,

one with borderline AOS, and one with minimally impaired
speech. Of the four participants who did not increase rate
with masking, one had AOS and one borderline AOS.
These results provide partial support for our hypothesis
that participants with AOS increase speech rate with mask-
ing noise, as most, but not all, participants with AOS showed
the response and some participants without AOS profiles
did increase rate.

Disfluency Duration

As shown in Figure 2, effects of masking on me-
dian disfluency duration were small or absent. Disfluency
duration decreased somewhat with MAF and increased
somewhat upon return to baseline conditions for seven par-
ticipants (all but P4, P9, and P10). Wilcoxon tests revealed
that only three participants significantly reduced disfluency
duration from baseline to MAF (P1, P3, and P7), whereas
another (P2) significantly increased disfluency following re-
moval of masking noise (see Table 2). However, for several
participants, variability of disfluency duration decreased
with MAF conditions and increased on the return to base-
line. The effect is illustrated in Figure 2, by the large dif-
ferences in interquartile ranges depicted in the boxplots
(noted with masking noise for all but P4 and P9). The Fligner-
Killeen analysis indicated that decreased variability with
MAF was significant for three participants (P1, P3, and P7,
see Table 2). On removal of MAF, variability significantly
increased for two participants (P2 and P7),

Our hypotheses for the effects of masking noise on
disfluency duration in participants with AOS received little
support. To be specific, although we predicted that speakers
with AOS would reduce the duration of disfluencies, only
one of the three participants with this response had a profile
of AOS.

Vocal Intensity

As expected from previous masking studies in aphasia
(e.g., Birch & Lee, 1955), MAF had a robust effect on vocal
intensity, resulting in increased intensity when noise was
introduced and decreased intensity when it was removed.
Wilcoxon contrasts between conditions showed that these
effects were significant for all participants (see Table 2).

Effects of AAF

Syllable Rate

As shown in Figure 1, delayed and frequency-shifted
feedback had the opposite effect as masking noise, as eight
speakers (all but P4 and P8) slowed their median syllable
rate during the AAF condition. Five of these speakers then
increased syllable rate when AAF was removed (P5, P6, P7,
P9, and P10). Wilcoxon comparisons between conditions
showed that the syllable rate decline was significant for four
participants (P1, PS5, P7, and P9), but the return to normal
feedback was not significant for any participant (see Table 3).
As noted in the masking results, only P9 showed any effect of
condition on syllable rate variability (omnibus Fligner-Killeen
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X? =10.32, p < .05); however, pairwise comparisons re-
vealed no significant effect of AAF.

In comparing the AAF results to the participant diag-
noses, we note that only one of the four participants who
significantly reduced rate with AAF had an AOS diagnosis,
whereas others with AOS had nonsignificantly reduced rate
or, in one person (P4), increased rate. These results did not
support our hypothesis that speech rate would be reduced
with AAF in participants with AOS.

Disfluency Duration

Visual inspection of Figure 2 shows that seven partic-
ipants reduced disfluency duration with AAF (all partici-
pants except P4, PS5, and P9). Upon return to the baseline
condition, disfluencies increased somewhat in four of them
(P1, P3, P7, and P8). Although disfluencies declined nu-
merically for most participants, Wilcoxon tests showed that
the change was not significant for any participant, either
on the introduction or removal of AAF. Although there
were no significant changes in level of disfluency duration,
Fligner-Killeen tests showed decreased variability in the
AAF condition for one participant (P10). On removal of
AAF, variability significantly increased for three speakers
(P1, P7, and P8).

Vocal Intensity

Similar to previous studies of DAF in aphasia (e.g.,
Stanton, 1958), delayed and frequency-shifted feedback
resulted in increased vocal intensity for all participants but
one (P4), with corresponding decreased intensity when nor-
mal feedback was resumed. Wilcoxon tests between con-
ditions show that the increase with AAF and decrease on
removal of AAF was significant for the nine participants
(see Table 3). The results of P4 warrant further consider-
ation, as he actually reduced intensity in the AAF condition
in comparison to the prior normal feedback trials, whereas
all others increased intensity with AAF. A point of interest is
that AAF also affected P4’s syllable rate differently than the
other speakers, in that he increased rather than decreased
rate. This participant’s results suggest that he was relatively
unresponsive to AAF.

Summary of Results for NH Control Participants

NH control participants responded to the auditory
conditions in a predictable way on the basis of the extant
literature. Most control participants slowed their speech
rate slightly, but not significantly, when speaking with
MAF (mean decrease of 0.06 syllables per second; see the
online supplemental material, Supplemental Table 2).
Three participants (C1, C8, and C10) increased their rate
nonsignificantly with masking noise (p > .10), and one sig-
nificantly decreased rate with masking (0.41 syllables per
second reduction; p < .05). On the release from masking,
two participants had significantly increased syllable rate
(p < .05), whereas the remainder had nonsignificant increases
(n = 5) or decreases (n = 3) in rate.

All control participants slowed their speech rate in
the AAF condition relative to the preceding baseline with
normal feedback, and the reduction was substantial and
significant for eight of the 10 participants (p < .01; see
the online supplemental material, Supplemental Table 2).
With an overall average rate of 3.05 syllables per second
(minimum = 2.63, maximum = 3.68), participants reduced
their rate by an average of 0.68 syllables per second in the
AAF condition compared to the preceding normal condition.
There was a corresponding average increase of 0.78 syllables
per second when AAF was removed, which was significant
for all participants.

Disfluencies occurred very infrequently in the NH
control participants, with an overall mean of 0.026 s of dis-
fluencies coded per sentence. No participant demonstrated
a significant change in disfluency time either on the intro-
duction or removal of either auditory condition.

Discussion

The purpose of this study was to test the effects of
MAF in a broad sample of adults with speech sound pro-
duction disorders, including those with and without char-
acteristics of AOS, with comparison to NH adults. Our
overall prediction was that participants with AOS would in-
crease fluency when speaking with masking noise, with
faster syllable rate, and with reduced disfluency duration.
AAF was also considered as an experimental control condi-
tion. Although AAF has previously been shown to increase
fluency in persons who stutter, we thought it most likely
that speech rate would decrease in participants with AOS,
as shown previously in NH adults and those with aphasia.
Each of these conditions will be considered in turn and the
results considered in light of theoretical models of speech
processing for AOS. Last, alternative interpretations of the
results will be discussed, as well as potential limitations.

Effects of MAF on Fluency

Auditory masking had a beneficial effect on speech
fluency in several participants, most consistently resulting
in increased syllable rate. This result contrasted with our
NH participants, for whom one participant experienced a
significantly reduced rate and none a significantly increased
rate. This result also differs substantially from previous
studies in aphasia and AOS; only Birch and colleagues
(Birch, 1956; Birch & Lee, 1955) had found a beneficial
effect of masking noise on speech. In part, the results may
reflect our focus on speech fluency, whereas other studies
focused on measures less likely to improve with masking,
such as speech fluency in single-word repetition (Manasco
et al., 2010; Manasco, 2008), naming accuracy (Weinstein,
1959), or articulatory quality (Wertz & Porch, 1970). In
the present report, we did not examine the question of
whether articulatory precision was affected by masking
noise, though our theoretical framework and recent results
(Maas et al., 2015) suggest that reduced access to the audi-
tory signal may reduce precision. Analysis of articulatory
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precision and intelligibility for the present sample is currently
under way.

The relatively high level of response to masking in
our study may also relate to our clinical sample. We predicted
that speakers with AOS would more likely benefit from mask-
ing than those without AOS on the basis of the posited
mechanism of impaired motor programming ability with
spared auditory feedback. Four of the seven participants
with a strong or possible response to masking noise pre-
sented with clear evidence of AOS (e.g., articulatory distor-
tions and segmental prolongations), and one additional
participant had borderline characteristics of the disorder.
Although six participants significantly increased their
speech rate with masking noise, only three rebounded sig-
nificantly to baseline performance following removal of the
MAF stimulus. A complete return to baseline following
removal of masking would have demonstrated the effect of
masking more definitively. Nevertheless, the incomplete
return to baseline is consistent with previous reports in adults
with expressive aphasia (Birch, 1956; Birch & Lee, 1955)
and in adults who stutter (Dewar, Dewar, Austin, & Brash,
1979), in which effects of masking persist following the re-
moval of masking. Although such temporary aftereffects may
be inconvenient in the context of the single-case design used
here, they may be beneficial in the context of a treatment par-
adigm. For example, if the duration of a positive carryover
effect of auditory masking can be extended for longer periods,
it may be possible to use the condition to gradually increase
fluency behavior in more generalized contexts.

We note that one person classified with AOS and
one with borderline AOS showed no response to masking,
whereas one person with APP was a responder. Further-
more, because our sample included only three people with-
out characteristics of AOS, recruitment is ongoing to help
determine whether masking noise improves fluency in other
speaker groups (e.g., people with predominance of phone-
mic paraphasias).

Mechanisms for Feedback Effects

Our prediction that speakers with AOS would im-
prove fluency measures with masking noise was based on
the hypothesis that auditory feedback control is intact,
whereas feedforward control is impaired (Jacks, 2008). Ac-
cording to this account, disfluencies (e.g., repetitions, revi-
sions, and extended pausing) are caused by unproductive
attention to speech errors heard in the auditory signal. We
reasoned that auditory masking might be beneficial for
fluency by preventing the speaker from attending auditorily
to speech errors, thus reducing the likelihood of disfluency-
generating correction.

The basic mechanism of overactive feedback processes
with impaired feedforward control has been advanced to
explain speech characteristics in two other disorders: child-
hood AOS (Terband, Maassen, Guenther, & Brumberg,
2009) and developmental stuttering (Civier et al., 2010). These
studies used computational simulations in the DIVA speech
processing model (Guenther et al., 2006) to generate sound

errors and disfluencies. It is crucial that the simulation
models were altered to rely primarily on feedback control
processes (e.g., auditory feedback, somatosensory feedback).
This resulted in stuttering-like disfluencies, which were re-
duced when masking noise was introduced in the model
(Civier et al., 2010.)

The simulation studies suggest that a feedback-
intensive processing strategy is a plausible mechanism to
explain the symptoms of AOS, CAS, or developmental stut-
tering, including disfluencies. Furthermore, Civier et al.’s
(2010) study provided further evidence to suggest that audi-
tory masking might increase fluency in diverse speaker
populations. However, a word of caution is warranted in
discussing this posited theoretical mechanism—although
these disorders share some features (e.g., presence of dis-
fluencies), they are not identical in their etiology or behav-
ioral presentation (e.g., different types of disfluencies), and
therefore in their underlying mechanism. The discrepancy
in response to AAF and MAF in our sample, given that
persons who stutter often respond favorably to both, further
suggests that the two conditions operate on different mech-
anisms. In fact, recent experimental work by Cai and col-
leagues (Cai et al., 2014; Cai et al., 2012) casts doubt on the
feedback overreliance hypothesis for stuttering, suggesting
instead that auditory feedback processing itself may be im-
paired in persons who stutter. For these various reasons, we
think it fitting to consider alternative explanations for the
fluency improvements seen in this study.

External Influences on Fluency During MAF

Baseline speech rate or fluency may determine respon-
siveness to altered feedback. Relatively faster speech rate
and fluent speech production may show less positive effects
of potentially fluency-inducing conditions. Indeed, five of
the six participants who increased rate significantly under
masking noise had a slow baseline syllable rate (i.e., <2.5 syl-
lables per second; P1, P2, P3, P5, and P6), whereas only
one had a normal speech rate (P4).* Nevertheless, a normal
baseline rate did not preclude a positive rate change with
masking, nor did presence of a slow baseline rate guarantee
the effect. Several speakers with substantial disfluencies
were not clearly affected by either AAF or MAF. Of the
three participants who significantly reduced disfluency un-
der MAF (P1, P3, and P7), one had minimal disfluencies at
baseline (P7) and the other two had moderate disfluencies,
with a median duration of 3 s during (the second) baseline.

Speaking while listening to loud noise is known
to increase vocal intensity, a phenomenon known as the
Lombard effect (Lane & Tranel, 1971). Because masking re-
sulted in changes in both syllable rate and in vocal inten-
sity, it is conceivable that the rate increase might be related
to the change in vocal loudness. However, vocal intensity

“As noted in the Method and in coding results (see the online supplemental
material, Supplemental Table 1), P4’s presentation of AOS appears
idiosyncractic; his rate was slowed in multisyllabic words but not in
sentences.
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increased for both MAF (in which speech rate was gener-
ally faster) and for AAF (in which speech rate was generally
slower). Therefore, the changes in fluency measures are not
likely a direct effect of the increased intensity experienced
with masking noise.

Another potential explanation for the effect of mask-
ing noise is that the unpleasant stimulus creates a time
pressure, causing the participant to speak faster because the
noise will be turned off when he or she finishes the sentence.
An alternative experimental condition that creates a time
pressure might be tested to determine if similar effects can
be achieved without the use of auditory noise.

Active speaker strategies may also have influenced
the results. For example, when listening to loud noise, indi-
viduals may use different strategies, consciously or sub-
consciously, for completing a sentence production task. One
speaker may try to focus on the feeling of her speech articu-
lators in the absence of auditory feedback, another might
attempt to ignore the masking noise or altered feedback,
and a third may be distracted by the unusual speaking con-
ditions. Even as NH adults have varied strategies for accom-
plishing difficult or tedious tasks, so may speakers with
aphasia or AOS. It would be worthwhile to record par-
ticipants’ impressions of the different conditions and any
intentional strategies they used as they completed the exper-
iment. In so doing, we might adapt existing procedures to
be more effective or develop new conditions on the basis
of the strategies that individuals independently use success-
fully during intervention and practice.

Effects of AAF on Fluency

We found no significant evidence that delayed and
frequency-shifted feedback improved speech fluency measures
in the 10 participants studied. Instead, AAF significantly
reduced syllable rate in four participants with varying speech
diagnoses (viz. AOS, borderline AOS, dysarthria, APP).
This result is consistent with the slow rate found in our NH
participants and others (Black, 1951) as well as persons
who stutter (Wingate, 1970) and people with aphasia
(Stanton, 1958). Although DAF reduces disfluencies in
persons who stutter (Andrews et al., 1982), it often results
in increased disfluencies in NH speakers and many people
with aphasia (Boller et al., 1978).

However, not all people respond the same way to
DAF, and speakers with conduction aphasia in particular
have been found to produce fewer substitution errors, repe-
titions, and vowel prolongations with DAF (Chapin et al.,
1981). Our one speaker with APP (P7) had lower disfluencies
when speaking with AAF than in the baseline condition.
Although this result was not statistically significant, it is
nevertheless possible that AAF may benefit some speakers
with aphasia. In particular, it may help people whose base-
line speech rate is overly rapid, slowing them down and
thereby resulting in fewer errors and consequent revisions.
However, it may benefit people with impaired auditory
processing by providing additional time to process incom-
ing signals. On the basis of our results, AAF is not likely

to be a speech facilitator for people with AOS. However,
previous literature and the nonsignificant fluency reduction
observed in one participant with APP suggest that it may
be helpful for some people with aphasia.

Conclusion

The results of this study show that some people with
AOS or aphasia can be influenced to alter their speech
fluency by speaking in the presence of an intense auditory
masking noise, though more research is needed to deter-
mine whether the changes are sufficiently robust to affect
communicative effectiveness. Although delayed and
frequency-shifted feedback did not significantly improve
fluency for any participant, it also did not have a particu-
larly deleterious effect. Ongoing recruitment and study of
participants with diverse speech and language profiles
may yield further insights into the factors that cause one
person but not another to respond with increased fluency
to masking noise.
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