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Abstract

Background: Motor speech treatment approaches have been applied in both adults with aphasia and apraxia of speech and children
with speech-sound disorders. Identifying links between motor speech intervention techniques and the modes of action (MoA) targeted
would improve our understanding of how and why motor speech interventions achieve their effects, along with identifying its effective
components. The current study focuses on identifying potential MoAs for a specific motor speech intervention technique. Objectives: We
aim to demonstrate that somatosensory inputs can influence lexical processing, thus providing further evidence that linguistic information
stored in the brain and accessed as part of speech perception processes encodes information related to speech production. Methods: In a
cross-modal repetition priming paradigm, we examined whether the processing of external somatosensory priming cues was modulated by
both word-level (lexical frequency, low- or high-frequency) and speech sound articulatory features. The study participants were divided
into two groups. The first group consisted of twenty-three native English speakers who received somatosensory priming stimulation to
their oro-facial structures (either to labial corners or under the jaw). The second group consisted of ten native English speakers who
participated in a control study where somatosensory priming stimulation was applied to their right or left forehead as a control condition.
Results: The results showed significant somatosensory priming effects for the low-frequency words, where the congruent somatosensory
condition yielded significantly shorter reaction times and numerically higher phoneme accuracy scores when compared to the incongruent
somatosensory condition. Data from the control study did not reveal any systematic priming effects from forehead stimulation (non-
speech related site), other than a general (and expected) tendency for longer reaction times with low-frequency words. Conclusions:
These findings provide further support for the notion that speech production information is represented in the mental lexicon and can be
accessed through exogenous Speech-Language Pathologist driven somatosensory inputs related to place of articulation.

Keywords: somatosensory; multi-sensory interaction; speech perception; speech production; lexical access; speech reaction time; motor
speech intervention; PROMPT intervention

1. Introduction effects and what components (or “active ingredients”) are
more likely to be effective. The current study focuses on
identifying potential MoAs for a specific motor speech in-

tervention technique.

Motor speech treatment approaches have been recom-
mended and applied in both adults with aphasia and apraxia
of speech and children with speech-sound disorders [1,2].

There has been a steady increase in the number of stud-
ies testing the efficacy of these interventions in these pop-
ulations and the findings indicate that the effects of these
interventions continue to be variable (e.g., [3,4]) and, in
some cases, not maintained long-term (e.g., [5]). Continued
progress in the development of more effective motor speech
interventions could be achieved by building a better under-
standing of the “mode of action” (MoA), by which these
interventions affect change [6,7]. A mode of action (MoA)
refers to a functional (or anatomical) change in an organ-
ism resulting from exposure to a substance or event. This is
distinguished from the mechanism of action (MOA), which
describes these changes at a molecular level [8]. Identi-
fying links between motor speech intervention techniques
and the MoAs they target would improve our understanding
of how and why motor speech interventions achieve their

Specific techniques have been utilized within mo-
tor speech intervention approaches to aid sensory-motor
learning of speech-motor targets, such as the Prompts for
Restructuring Oral Muscular Phonetic Targets (PROMPT;
e.g., [1,6]) and Dynamic Temporal and Tactile Cueing
(DTTC; e.g., [2,7]). These techniques aim to enhance so-
matosensory inputs to facilitate the formation of sensory-
motor pathways required for the acquisition and accurate
production of speech. In the current study, the broad term
“somatosensory information” was chosen because in a clin-
ical motor speech intervention context, there is no empirical
data to indicate which specific type of somatosensory infor-
mation (touch, pressure, pain, temperature, position, move-
ment, and vibration) is activated or specifically contributes
to clinical improvements. This is in line with the contem-
porary use of this term in (non-intervention related) speech
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motor control research [9,10]. For a review of somatosen-
sory innervation in humans see Moayedi et al. [11]. Typ-
ically, in speech motor interventions somatosensory inputs
involve multisensory (tactile, kinesthetic, proprioceptive,
auditory and visual) cueing (or exogenous inputs) to em-
phasize place, voice and manner of speech production and
slowing down speech rate to possibly enhance propriocep-
tive feedback and to highlight movement transitions [1,7].

There is evidence to suggest that endogenous so-
matosensory feedback is involved in the acquisition and
maintenance of orosensory-to-auditory mapping (DIVA
model; [12]) and for stability in speech-motor production
[13]. However, there is sparse literature on the importance
and role of such inputs delivered via an external agent (e.g.,
Speech-Language Pathologist [S-LP]) during motor speech
interventions. In a study by Dale ef al. [14], PROMPT
treatment with and without somatosensory inputs was ex-
amined in a group of children with Childhood Apraxia of
Speech (CAS). Their results demonstrated that PROMPT
treatment with tactile input enhanced the production of un-
treated probe words relative to treatment without tactile
input [14]. This finding suggests that somatosensory in-
put can be considered an “active ingredient” (i.e., some-
thing that must be present for the intervention to be effec-
tive). Nonetheless, very little is known about the underlying
mechanisms by which such inputs improve speech produc-
tion.

PROMPT is a sensory-motor treatment approach often
recommended and applied in children with speech sound
disorders [15], autism [16], and cerebral palsy [17]. Dur-
ing PROMPT intervention, motor speech goals or treat-
ment priorities are based on the notion of a hierarchical
development of speech subsystems known as the Motor
Speech Hierarchy [MSH; [1]]. Within this developmen-
tal MSH framework, speech production is thought to be
the result of interactive development of seven key motor
speech subsystems (i.e., Stage I: tone, Stage II: phonatory
control, Stage III: mandibular control, Stage IV: labial-
facial control, Stage V: lingual control, Stage VI: sequenced
movements, and Stage VII: prosody). The PROMPT inter-
vention enables the hierarchical establishment, refinement,
and integration of normalized synergistic movement pat-
terns within these speech subsystems through the applica-
tion of somatosensory inputs or prompts to the client’s face.
As PROMPT treatment systematically progresses from the
lower- to higher-levels of the hierarchy, speech production
variables like place, manner, movement transitions, and
timing of speech movements are expected to improve.

In addition to its use in children, PROMPT has also
been applied to a limited extent on adults with neurolog-
ical impairments. Four case studies in the literature sug-
gest that PROMPT may improve the accuracy of words and
phrases in acquired apraxia of speech [18-21]. For exam-
ple, in both Square et al. [21] and Freed et al. [19] stud-
ies, participants with acquired apraxia of speech and apha-

sia were first presented with an auditory model of a word or
functional phrase, and participants were required to repeat
the target according to the auditory model. If participants
could produce the utterance correctly, the next trial would
be initiated. However, if participants were unable to re-
peat the model accurately, then the participants were first
instructed not to respond while the clinician “mapped-in”
(or primed) the correct sequence of motor patterns using so-
matosensory inputs for the target utterance. Following this,
the clinician would direct the participants to produce aloud
the target phoneme, word, or phrase again, during which
the clinician simultaneously used somatosensory inputs to
facilitate the appropriate movements. In general, their re-
sults indicated improved speech sequencing and precision
of speech movements for both trained and untrained target
words and sentences.

The findings from these studies suggest that the so-
matosensory inputs applied by a trained clinician may in-
crease oro-facial sensory awareness for movement trajec-
tories and sequences, thereby improving spatial-temporal
aspects of speech movements [18-21]. It is unknown
whether these somatosensory inputs are also relevant for
the cognitive-linguistic system (e.g., during lexical process-
ing). There is some evidence from the speech motor con-
trol literature to indicate that somatosensory information
may be used by the speech production/perception system
beyond the level of simply increasing oro-facial awareness.
In fact, somatosensory information may affect the lexicality
of phoneme perception [9,22,23]. In these studies, modu-
lation of speech perception has been observed because of
stretching the facial skin around the mouth area [9] or stim-
ulating mechanoreceptors with air puffs on the back of the
hand, the centre of the neck, or on the subject’s ankles [23].

More recently, Ogane ef al. [10] demonstrated that so-
matosensory inputs influence processes at the level of word
segmentation and lexical decision. They utilized an audi-
tory identification test using a set of French phrases, which
may be segmented differently depending on the placement
of accents (i.e., based on acoustic prosodic cues like lo-
cal pitch increases) within the phrase. They reasoned that
since creating an acoustic-prosodic accent may be achieved
by hyper-articulation [24], the cues for word segmentation
could be obtained from not only acoustic but also from artic-
ulatory sensory information. They applied somatosensory
stimulation (using a robotic device to stretch the skin at the
sides of the participant’s mouth) at different points in the ut-
terance, which had been recorded with neutral accents (i.e.,
all syllables had a similar emphasis). They found that lex-
ical decisions relating to word segmentation were system-
atically and significantly biased depending on the timing of
the somatosensory stimulation. This effect was not found
when somatosensory stimulation was applied to the skin of
the participant’s forearm. These findings suggest that neu-
ral speech processing broadly integrates event-related infor-
mation across multiple modalities (i.e., auditory, tactile, vi-
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sual), and perceptual-sensory-motor relationships may ex-
tend to the processing of lexical information in the human
brain [10].

Ito et al. [9] have pointed out that such modulation
of speech-perception may arise due to connections between
facial somatosensory inputs and facial motor and premotor
areas [25,26], or due to bidirectional linkages between the
somatosensory and auditory cortices [27-30], and possibly
as a result of auditory-somatosensory interaction at the sub-
cortical superior colliculus level [31]. Other studies have
found that multisensory input involving visual, auditory,
and somatosensory stimuli show connections into the ven-
trolateral prefrontal cortex (VLPFC) and specifically con-
verges in areas 47/12, as well as area 45 [32]. Area 45 (and
44) of the inferior frontal gyrus (commonly referred to as
Broca’s areas) is thought to be involved in myriad of motor
and cognitive functions including lexical processing [33]
and has also been associated with word frequency effects
[33,34].

Word frequency effects have been demonstrated to be
important in several areas of speech processing. Studies
have shown that during the process of lexical (word) se-
lection and encoding of sound structure, high lexical fre-
quency facilitates processing, possibly due to their higher
activation levels and strength of neural connections (e.g.,
[35]). This is reflected in decreased reaction times and
higher accuracy (i.e., fewer semantic, phonological, artic-
ulatory errors and/or omissions) for high-frequency words
relative to low frequency words [36]. In contrast, low-
frequency words result in slower response times relative
to high-frequency words, which indicates longer process-
ing times for low-frequency words ([37]; for a review in
adult aphasia literature, see Kittredge et al. [36]). Other
evidence using event-related potentials (ERPs) have also
shown larger N400 waves when processing low-frequency
words relative to high-frequency words, further suggesting
that low-frequency words require more extensive process-
ing [38,39].

Apart from processing times, studies have also re-
ported word frequency effects on speech articulation (see
Bell et al. [40] for a review). For example, low-frequency
words are produced with longer durations and more ex-
treme articulatory and acoustic properties [40,41]. Such du-
rational effects have been explained by models of speech
and language processing with proposed interactions be-
tween lexical, phonological, and phonetic structures (e.g.,
[42]). Within these models, its argued that the pace of ar-
ticulation/speech production may be moderated when pro-
cessing (e.g., phonological encoding) is slowed as in the
case of low-frequency words. It is argued that this facil-
itates the maintenance of temporal coordination between
the lexical and articulatory aspects of speech [40]. Fur-
thermore, under such accounts, word form representations
are said to include a specification of the range of phonetic
variation associated with the target forms. It is suggested
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that speakers of a language may learn to associate high-
frequency lexical items with a greater degree of phonetic
variation relative to low-frequency items, a phenomenon
referred to as lexically-conditioned phonetic variation [40].
This results in an activation of a representation specifying a
narrow range of phonetic variation during the encoding of
the sound structure of low-frequency words. Thus, low-
frequency words are said to influence phonetic process-
ing more strongly than high-frequency words [42]. Due to
this, it is hypothesized that the processing of low-frequency
words may benefit with not only more but also narrowly
specified somatosensory input relative to high-frequency
words. Such a finding would suggest that part of the ef-
fect of these somatosensory cues may occur at a level of
cognitive-linguistic processing that involves interactions
between lexical access and phonetic processing [40,42].
Clinically, it is important to understand the level at which
exogenous clinician induced somatosensory information is
integrated into the speech-production/perception system,
as this may have implications for the speech training in
children and in the rehabilitation of adult brain-injury pa-
tients (e.g., those with word-finding/word-retrieval issues
in aphasia). It is likely that somatosensory input may pro-
vide a dual benefit wherein it may help improve speech mo-
tor patterns and, at the same time, facilitate the retrieval of
lexical information.

Purpose of Study

In the current study, we aim to demonstrate that
somatosensory inputs can influence lexical processing,
thus providing further evidence that linguistic information
stored in the brain and accessed as part of speech percep-
tion processes encodes information related to speech pro-
duction. To this end, in a cross-modal repetition priming
paradigm, we examined whether the processing of external
somatosensory priming cues was modulated by both word-
level (lexical frequency) and speech sound articulatory fea-
tures, suggesting a broader role for speech production in-
formation in speech perception.

Participants were assigned to either a main experimen-
tal study or a control study. In both studies, participants
listened to and repeated words (auditory targets) embed-
ded in white noise following the presentation of congru-
ent and incongruent somatosensory inputs (somatosensory
primes) by a trained clinician. In the main experimental
study, the participants received the somatosensory primes
on their oro-facial structures (either to labial corners or un-
der the jaw) while participants in the control study received
the stimulation on their right or left forehead (control con-
dition). In the experimental study, we expect that only
congruent inputs (i.e., when somatosensory prime matches
auditory targets) would yield the shortest speech-reaction
time (SRT) and the highest phoneme recognition scores.
For incongruent inputs, we expect an attenuation effect
with longer reaction times and lower phoneme recognition
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scores. Importantly, as the processing of low-frequency
words may benefit with not only more but also narrowly
specified somatosensory input relative to high-frequency
words [42] we expect a stronger priming response in low-
frequency words. In the control study, we do not expect any
systematic priming effects of forehead stimulation (non-
speech related site) on SRTs or phoneme recognition scores.

2. Materials and Methods
2.1 Participants

A total of thirty-three individuals participated in this
study. These individuals were divided into two groups.
The first group participated in the main experimental study
and consisted of twenty-three native English speakers (M
=21.19 years, SD = 2.07; 18 participants self-identified as
Female and 5 as Male) who received somatosensory prim-
ing stimulation to their oro-facial structures (either to labial
[lip] corners or under the jaw; see Independent Variable sec-
tion). The second group participated in a control study.
This group consisted of ten native English speakers (M =
20.8 years, SD = 2.28; 8 participants self-identified as Fe-
male and 2 as Male) and somatosensory priming stimulation
was applied to their right or left forehead as a control site.

All participants included in the study met the follow-
ing criteria: (a) No reports of speech-language, or vision
issues, (b) No hearing issues (all participants passed stan-
dardized hearing screening test and had thresholds less than
20 dB HL), (c) No vocabulary limitations (all participants
met the criteria vocabulary competency on the Mill-Hill Vo-
cabulary Test [[43]; a cut-off score of 9 of 21 items]), and
(d) No evidence of auditory processing disorders (passed
the screening criteria on the SCAN-3 test [44]).

All participants were recruited from the University of
Toronto using flyers posted on campus. The study was ap-
proved by the University of Toronto’s Health Sciences Re-
search Ethics Board (Protocol # 31524), and all participants
provided informed consent prior to participation.

2.2 Experimental Design

The study utilized a cross-modal repetition priming
paradigm, similar to that reported by Buchwald et al. [45].
Priming paradigms are typically used in psycholinguis-
tics studies to understand, if and when certain represen-
tations are active during speech and language processing
[45]. Priming studies investigate changes in response per-
formance (e.g., response time or response accuracy) in the
processing of a target event (2nd stimulus) when the target
is preceded by a prime event (1st stimulus) [46]. For exam-
ple, faster response time and higher response accuracy are
noted when the prime stimulus is semantically (e.g., pre-
sentation of the word “milk™) or phonologically (e.g., pre-
sentation of the sound/phoneme /k/) congruent or associated
with the subsequent target (e.g., “Cat”). In general, priming
or facilitation occurs when there is a common processing
component for both the target and prime representations,

and when this common processing is relevant to produce
a response to the target [46]. In the current cross-modal
repetition priming paradigm study, participants listened to,
and repeated words (auditory target stimulus) embedded in
white noise following the presentation of exogenous con-
gruent and incongruent somatosensory inputs (somatosen-
sory primes) by a trained S-LP therapist. We measured
stimulus response time (SRT) and response accuracy as de-
pendent variables.

2.3 Procedure

Participants were individually tested in a quiet room.
Each participant listened to the auditory targets via AKG
(K44) studio headphones at a comfortable listening level.
Prior to the start of the experimental manipulations, par-
ticipants were instructed to phonate the vowel /a/ as fast
as possible when they hear a “go” tone. This task was re-
peated three times to get an estimate of phonation reaction
time and to check audio recording procedures. Following
this task, the auditory targets were then presented using an
SRT paradigm controlled by DirectRT software [47] via a
laptop (Lenovo-Yoga 13). An S-LP, specialized in using
the PROMPT approach, provided the somatosensory in-
puts (see Fig. 1). The following control procedures were
included in the study to decrease bias: (1) The study partic-
ipants did not know in advance if the words were starting
with /w/ or /d/ sounds (see 2.4 Stimuli section) (2) the pre-
sentation of congruent and incongruent somatosensory in-
puts with auditory targets was randomized and (3) the clin-
ician providing the somatosensory priming was blinded to
the auditory targets presented to the participants to avoid
any bias.

3

\ Midiphone C l

Fig. 1. Experimental Room Set-up. Experimental room set-up
depicting a trained S-LP specialized in the PROMPT approach
providing somatosensory inputs to participant. Experiment con-
ducted in sound attenuated room with participants wearing sound
attenuating circumaural headphones.
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For each trial, there were two sets of instructions dis-
played for 1 second each. The first instruction prompted the
S-LP and the participant to “Get Ready”. The second in-
struction directed the S-LP on the somatosensory input for
each trial, but the participants did not see this instruction.
Following this, an alerting tone was presented (500 hertz,
for 500 msec), after which the S-LP provided a specific so-
matosensory input three times within a 1.5-2 sec variable
window. This random delay was inserted to avoid antic-
ipatory responses from participants. There were no other
speech/non-speech sounds associated or produced when so-
matosensory inputs were provided. Following this, partic-
ipants heard an auditory target mixed in white noise over
the headphones and responded verbally with the target word
as fast and accurately as possible into a microphone (Blue
Snowball iCE USB Microphone) connected to the Direc-
tRT software (see Fig. 2 for a schematic of an experimental
trial). Trials were terminated if response times were longer
than 1 second. Participants pressed the space bar to progress
to the next trial. Errors in the trials (i.e., false starts, voice
key errors, and hesitations) were recorded by the experi-
menter in real-time. In addition, verbal responses were dig-
itally recorded using a portable digital recorder (H4 Zoom)
for offline accuracy analysis.

2. Alerting Tone
47] \ 5. Participant’s Response:

4. Auditory Target: g bhnce
l e.g. Dance + Noise

3. somatosensory input: A

l;l

1a. Instruction #1: 1b. Instruction #2:
Audio File: somatosensory | & ] H -
“G » input type H H )
‘Get ready’ el § = ; ‘w
3itimes ! SRT Time
Start of H H

Trial

Fig. 2. Schematic of Trial. Process flow diagram (or Schematic)
of a single incongruent trial. Instruction #1 “get ready” was heard
by both S-LP and participant, while instruction #2 was presented
on the instruction display screen and visible only to the S-LP. Prior
to onset of the auditory target words the S-LP was instructed (via
the display screen) to stop somatosensory stimulation. The partic-
ipants then heard an auditory target mixed in white noise over the
headphones and responded verbally word as fast and accurately
as possible. Speech reaction time (SRT) was measured as the time
delay from the start of the auditory target word to the onset of the
participant’s verbal response.

2.4 Stimuli

Sixteen monosyllabic words were categorized into
two groups of 8 words (Tables 1,2). The words were
grouped according to the place of articulation of the onset
consonant in the first syllable, either alveolar (e.g., dance,
dine; words starting with consonant /d/) or bilabial (e.g.,
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wipe, wed; words starting with consonant /w/). The present
study assessed speech reaction times (SRT) and accuracy
responses for low-frequency (0—10 per million) and high-
frequency (greater than 10 per million) words.

Participants were presented with low-frequency tar-
gets intermixed with high-frequency words as fillers to
avoid any perceptual learning effects of targets. Tar-
get word characteristics such as neighbourhood density
(Freq KF), part of speech (nouns, auxiliary verbs, verbs,
adjectives, adverbs, pronouns), and syllabic structure (CV,
CVC, CV:C, CVCC) are presented in Tables 1,2. Target
words did not include proper names. All word characteris-
tics of the target words were obtained via the English Lex-
icon Project [48,49].

2.5 Stimuli List Recording and Playback

Audio recordings of the stimulus words were made
by a male native Canadian English speaker (age 24 years).
The male speaker was instructed to produce each word at a
comfortable loudness and timed to a visual metronome [50]
set at 30 beats per minute. The items were first read aloud
before recording to ensure proper pronunciation of the test
items. The recording took place in a sound attenuated booth
with a directional microphone placed approximately 20 cm
away from the speaker’s mouth. Two calibration tones were
first played before recording for later loudness adjustments.
The audio recordings were then segmented into individual
word recordings. A 100 msec space was inserted before
and after each recording. All stimulus words were loud-
ness normalized to 70 dB SPL. As individuals may differ
in their ability to perceive speech in noise [51], individ-
ually customized levels of random Gaussian white noise
were mixed with target words (i.e., individually adjusted
signal-to-noise (SNR) ratios ranging from 0 to —10; e.g.,
[51]) using PRAAT scripts [52]. SNR was adjusted until
we obtained a production accuracy of approximately 50—
65% for each speaker during practice trials with an unre-
lated set of words. It is necessary to reduce auditory-only
open-set word-recognition scores to below-ceiling levels to
detect cross-modal priming effects [45].

2.6 Independent Variable

For the main study, somatosensory priming was pro-
vided in one of two ways: as a congruent condition (e.g.,
alveolar somatosensory input for a word with initial alveo-
lar sound embedded in noise) or as an incongruent condi-
tion (e.g., bilabial somatosensory input for a word with ini-
tial alveolar sound embedded in noise). Somatosensory in-
puts were provided for the word-initial phoneme before the
word-recognition-production task. There were two differ-
ent somatosensory inputs: /d/ or /w/. For the lingual alveo-
lar consonant /d/, somatosensory input was provided under
the jaw into the skin covering the mylohyoid muscle apply-
ing upward pressure using a slightly curved middle finger.
For the bilabial /w/, the index and thumb were placed at the
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Table 1. Characteristics of high-frequency target words.

Bilabials Alveolars
Target Word  Part of Speech Syllable Neighborhood Target Word Part of Speech  Syllable Neighborhood
Structure  Density (Freq KF) Structure  Density (Freq_KF)
Was Verb CcvC 9816 Dead Noun CvC 174
Wait Verb Cv:C 94 Dance Noun/Verb CvcCc 90
Wife Noun CV:C 228 Deal Noun/Verb CV:C 142
White Adjective/Noun Ccv:C 365 Date Noun/Verb Cv:C 103
Mean 2625.75 Mean 127.25
Range 94-9816 Range 90-174
Table 2. Characteristics of low-frequency target words.
Bilabials Alveolars
Target Word  Part of Speech Syllable Neighborhood Target Word  Part of Speech Syllable Neighborhood
Structure  Density (Freq KF) Structure  Density (Freq KF)
Web Noun CVvC 6 Dam Noun CvC 5
Wed Verb CcvC 2 Dale Noun Cv:.C 5
Wipe Verb Cv:C 10 Dine Verb Cv:C 2
Wade Verb Cv:C 2 Dank Adjective CvCcC 1
Mean 5 Mean 3.25
Range 2-10 Range 1-5

labial (lip) corners (at the intersection between zygomatic
major and orbicularis oris muscles) to facilitate lip round-
ing manually (see Fig. 3). The presentation of congruent
and incongruent somatosensory inputs and auditory targets
were randomized and presented twice (16 words x 2 condi-
tions [congruent and incongruent] x 2 repetitions = 64 trials
per participant), while the S-LP therapist providing the so-
matosensory inputs was blinded to the auditory targets.

Bilabial /w/
Somatosensory
input

Lingual /d/
Somatosensory
input

W

Fig. 3.
delivery of somatosensory inputs for bilabial /w/ and lingual /d/

Delivery of somatosensory inputs. Demonstration of

consonant by a speech-language pathologist on co-author (TY).
For the bilabial /w/, the index and thumb were placed at the labial
(lip) corners (at the intersection between zygomatic major and or-
bicularis oris muscles) to facilitate lip rounding manually. For the
lingual alveolar consonant /d/, somatosensory input was provided
under the jaw into the skin covering the mylohyoid muscle apply-
ing upward pressure using a slightly curved middle finger.

Since the current study used only two groups of words
and two types of priming stimulation, it can be relatively
easy to map (or perceptually match) one priming stimu-
lation on one consonant group. To examine whether the
perceptual modulation was due to simple matching of the
events between sound stimuli and priming stimuli we con-
ducted a separate control study with 10 participants. In this
control study, a clinician applied the same somatosensory
stimulation to a different body part (e.g., [10], namely right
and left forehead of the participant). The clinician trained
the participant to identify and associate /d/ sounds with a
firm pressure on the right forehead and /w/ sounds on the
left forehead. Participants continued this training till 100%
correct association was established across 3 consecutive tri-
als. A lack of a systematic priming effect in the forehead so-
matosensory priming (control) study would strengthen our
claim regarding the association between specific-orofacial
somatosensory priming stimulation and processing of stim-
ulus sounds.

2.7 Dependent Variables
2.7.1 Phoneme Accuracy

Phoneme accuracy was calculated as a percentage
of word-initial phonemes produced correctly from the au-
dio recordings. To obtain inter-rater reliability, twenty-
six percent of data corresponding to participants’ verbal
responses were transcribed by two independent phoneti-
cally trained graduate research assistants, and point-by-
point inter-observer agreement was 87.31%.
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Table 3. Mean and Standard Deviations (in parenthesis) for Speech Reaction Time and Phoneme Accuracy for Low- and

High-Frequency Words.

High-Frequency Words

Low-Frequency Words

Oral Somatosensory condition Speech Reaction Time (ms) Phoneme Accuracy (%) Speech Reaction Time (ms) Phoneme Accuracy (%)

Congruent Input 753.5 (168.9) 93.4(9.8) 802.4 (164.6) 92.3 (14.9)

Incongruent Input 749.5 (210.8) 92.9 (12.9) 847.4 (206.1) 88.0 (14.3)
Forehead control condition

Congruent Input 603.3 (92.6) 93.7 (10.6) 692.4 (101.6) 91.4 (10.2)

Incongruent Input 627.3 (70.1) 92.5(16.3) 686.1 (110.9) 90.2 (9.8)

2.7.2 Speech Reaction Time (SRT)

SRT was automatically calculated by the DirectRT
software (ver. 2012, Empirisoft Corporation, New York,
NY, USA). SRT was measured as the time delay from the
start of the auditory target word to the onset of the partici-
pant’s verbal response. Additionally, we measured phona-
tion (or vocal) reaction time to ensure accurate instrument
functioning (i.e., to check microphone/audio trigger) and
data validity. As speech reaction time requires higher-level
(speech/lexical) processing we expect SRT to be signifi-
cantly longer than phonation reaction times. The phonation
reaction time data served as a lower boundary marker for
speech reaction time to eliminate false starts during data
analysis. Trials were terminated if response times were
longer than 1 second (failure of audio trigger).

2.8 Statistical Analysis

Means and standard deviations for the dependent
variables (SRT and phoneme accuracy) across congruent
and incongruent conditions for both the high- and low-
frequency words were calculated from the DirectRT soft-
ware and audio recordings. A two-way repeated measures
analysis of variance (ANOVA) was conducted with so-
matosensory input condition as factor 1 (congruent or in-
congruent) and word-frequency as factor 2 (high- or low-
frequency). Separate two-way ANOVAs were carried out
for each of the dependent variables and for the control data.
Bonferroni adjusted post-hoc #-tests were carried out as nec-
essary. Phonation reaction time was compared to the SRT
data using paired #-tests. Effect sizes are reported as partial
eta squared (1?p) for the ANOVAs and as Cohen’s d statistic
corrected for dependence between the means for the #-tests.
For ANOVAs, effect sizes of 0.01, 0.06 and 0.14 were con-
sidered small, medium, and large effects, respectively. For
t-tests, 0.2, 0.5 and 0.8 are typically referred to as small,
medium, and large effects, respectively [53,54].

3. Results

Phonation reaction times (M = 371.1; SD = 67.1) as
expected were significantly (#(9) = 5.6, p = 0.0003) shorter
than the fastest speech reaction time data (M = 603.3; SD
=92.6) recorded. Means and standard deviations (in paren-
thesis) for SRT and word-initial phoneme accuracy across
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congruent and incongruent conditions were calculated and
reported in Table 3 for oro-facial somatosensory priming
and for forehead control conditions.

3.1 Speech Reaction Time (SRT)

For the main study, SRT results revealed a significant
main effect of word frequency (F(1,22) =22.45, p=0.001,
n?p = 0.505), but no main effect for somatosensory input
condition (F(1,22) = 1.77, p = 0.196, n?p = 0.075). Im-
portantly, a significant condition x word frequency inter-
action (F(1,22) = 7.39, p = 0.013, n?p = 0.252) was found.
Post-hoc paired #-tests indicated that significant effects of
somatosensory priming were found only for low-frequency
words (#(22) =-2.22, p=0.037, Cohen’s d =—0.72) as op-
posed to the high-frequency words (¢#(22) = 0.27, p = 0.789,
Cohen’s d =0.07).

In the control study, SRT results revealed a signifi-
cant main effect of word frequency (F(1,9) = 22.26, p =
0.001, n?p = 0.712), but no main effect for somatosensory
input condition (F(1,9) = 0.10, p = 0.749, n°p = 0.012), or
a condition x word frequency interaction (F(1,9) = 0.50, p
= 0.496, n’*p = 0.053).

3.2 Phoneme Accuracy

For the main study, phoneme accuracy results re-
vealed a main effect of somatosensory input condition
(F(1,22)=4.43, p=0.047, n?p = 0.168), but no main effect
for word frequency (F(1,22)=1.26, p =0.273, n’p = 0.054)
or an input condition x word frequency interaction (F(1,22)
=2.04, p = 0.166, n?p = 0.085). However, Table 3 sug-
gests the presence of a potential congruency effect for low-
frequency words relative to high-frequency words. Given
the exploratory nature of this study, with a relatively modest
participant sample (see limitations section), post hoc com-
parisons are relevant despite lack of higher-level interac-
tion effects [55]. A further exploration of this effect using
paired #-tests indeed indicated an advantage for congruent
somatosensory priming (#(22) = 2.57, p = 0.017, Cohen’s
d = 0.74) for the low-frequency words as opposed to the
high-frequency words (#(22) =0.29, p =0.770, Cohen’s d =
0.09).

In the control study, phoneme accuracy results re-
vealed no main effects for word frequency (F(1,9) = 0.32,
p = 0.580, n?p = 0.035), somatosensory input condition
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(F(1,9) = 0.17, p > 0.686, n*p = 0.019) or condition x
word frequency interaction (F(1,9) = 0.00, p = 0.990, n?p
= 0.000).

4. Discussion

The experiment reported in this paper used a cross-
modal repetition priming paradigm to examine whether the
processing of external S-LP driven somatosensory inputs
was modulated by both word-level (lexical frequency) and
speech sound articulatory features, suggesting a broader
role for speech production information in speech percep-
tion. The main effects corroborate data from previous re-
search indicating that the high-frequency words had sig-
nificantly shorter reaction times than low-frequency words
(e.g., [37,56]; for a review in adult aphasia literature, see
Kittredge et al. [36]). Importantly, a statistically significant
condition x word frequency interaction indicated that sig-
nificant effects of somatosensory priming were found only
for low-frequency words as opposed to the high-frequency
words.

For phoneme accuracy, the results revealed a main ef-
fect of somatosensory input condition. A further explo-
ration of this effect revealed that the percent phoneme ac-
curacy scores were lower for incongruent conditions than
congruent conditions for the low-frequency words, but the
interaction failed to reach significance. Overall, the results
showed significant somatosensory priming effects for the
low-frequency words, where the congruent somatosensory
condition yielded significantly shorter reaction times and
numerically higher phoneme accuracy scores when com-
pared to the incongruent somatosensory condition (see Ta-
ble 3). In general, for the low-frequency words, incongru-
ent somatosensory input increased SRTs by approximately
45 ms and decreased percentage phoneme accuracy scores
by 4-5%. For high-frequency words, SRTs and phoneme
accuracy did not differ as a function of somatosensory con-
gruency.

Importantly, data from the control study did not re-
veal any systematic priming effects from forehead stimu-
lation (non-speech related site), other than a general (and
expected) tendency for longer reaction times with low-
frequency words. This finding suggests that the perceptual
modulation effects in the current study are less likely from
simple pattern matching of events between sound stimuli
and somatosensory (priming) inputs. Although, reaction
time data for forehead stimulation was faster when com-
pared to oral somatosensory condition, readers should note
that forehead data was collected from a separate group of
control participants at a later date, and thus some differ-
ences are expected.

The present findings not only align with contempo-
rary theories of speech perception that support the role of
the somatosensory system in speech perception [9,23] but
also extends this to a broader and more integrative role of
somatosensory information in lexical access as proposed

by Ogane et al. [10]. Specifically, the interaction ef-
fects observed between word frequency and type of so-
matosensory input related to place of articulation suggest
that external somatosensory input (as provided by a thera-
pist) may play a role at the level of lexical-phonetic interac-
tions in speech processing [10]. Within interactive activa-
tion approaches to word production, such lexical-phonetic
interactions may arise in a distributed language network
where nodes are bidirectionally (i.e., feedforward and feed-
back manner) connected across semantic, lexical, and pho-
netic levels of representation [42]. In some spoken-word
recognition models (as discussed in the Introduction sec-
tion), word frequency is assumed to affect the activation
levels during lexical access; thus, it is likely that articula-
tory place information as stimulated by these somatosen-
sory inputs is one way of raising the activation levels of
words which have naturally lower levels of activation (i.e.,
low-frequency words compared to high-frequency words;
[40,57]).

In the context of restorative neurology, the provi-
sion of congruent somatosensory cues may be facilitative
for word-finding or naming difficulties (e.g., in anomia,
adult apraxia of speech, Broca’s aphasia) in adult aphasia
[21,58,59]. Typically, phonological cueing techniques have
been utilized to improve naming speed and accuracy in in-
dividuals with aphasia [58,59]. In the phonological cueing
technique, persons with aphasia are provided with a verbal
cue of the first phoneme for an object or picture they are
required to name [60]. For example, verbal cue /k/ for the
word cat. In such cueing intervention approaches, the addi-
tion of somatosensory inputs by a speech therapist [19,21]
or silent observation of visual articulatory gestures [61] has
added benefits to improving naming performance in indi-
viduals with aphasia. The current findings on healthy con-
trol participants, when taken together with the data from
multisensory cueing studies in aphasia research [19,21,61],
suggest that exogenous therapist driven, tightly controlled
or specific somatosensory inputs may facilitate rehabilita-
tion of adult brain-injury patients such as those with word-
finding/word-retrieval issues in aphasia [18-21].

The question remains whether specific exogenous S-
LP driven somatosensory inputs in clinical rehabilitation
settings constitute an “active ingredient” underlying MoAs
in motor speech interventions such as the PROMPT ap-
proach. As described in Hayden et al. [1] recent re-
search studies from independent laboratories have demon-
strated changes in cortical spatial-temporal neural activity
and brain structure following PROMPT intervention [62—
64]. A magnetic resonance imaging study by Kadis ef al.
[63] revealed that PROMPT intervention induced thinning
of the left posterior superior temporal gyrus (Wernicke’s
area) in eight of nine children with CAS. Similarly, in Yu
et al. [64] study, participants demonstrated significant dif-
ferences in cortical neural activity during speech tasks as a
function of PROMPT intervention on magnetoencephalog-
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raphy recordings. In both these studies, significant im-
provements in speech motor control and speech articula-
tion were also observed following the intervention. More
recently, Fiori et al. [62] studied PROMPT intervention-
related brain structural connectivity changes in white mat-
ter fiber tracts using diffusion-weighted imaging (diffusion
tractography) in a group of 10 children with CAS. Five CAS
children received the PROMPT intervention, while the
other five received Language and Non-speech Oral Motor
(LNSOM) treatment. Their results revealed significant and
positive changes in the standardized assessment of speech
motor control in the group that received PROMPT inter-
vention relative to the LNSOM-treated group. Although in
both PROMPT- and LNSOM-treated groups, the speech im-
provements paralleled changes in the ventral corticobulbar
tracts (innervates tongue/larynx), only the PROMPT inter-
vention group showed additional neuroplastic changes such
as an increase in connectivity in the left dorsal corticob-
ulbar tracts (i.e., those associated with lip/facial muscles).
The authors argue that this may be an intervention-specific
response as jaw control and labial-facial control were pri-
ority speech motor goals for children receiving PROMPT
therapy.

Importantly, such discoveries of experience-
dependent neuroplasticity in children receiving somatosen-
sory based motor speech intervention (e.g., PROMPT)
for speech sound disorders demonstrate a mode of action
and improves our understanding of how motor speech
intervention produces its effects. For federal agencies
such as the U.S. Food and Drug Administration (FDA),
identifying MoA’s is a key component of discovering and
developing therapeutic interventions. The discovery of
MoAs of motor speech intervention will hopefully permit
the development of future research directed at modifying
existing techniques to replicate such neural effects, adjust
the dosage to elicit systematic effects in targeted neural
pathways and potentially discover populations that are
responsive to motor speech interventions [1].  Thus,
converging evidence from behavioural data in children
[14], adults [18-21], perceptual data from cross-modal
research [9,10], and neuroimaging studies [62—64] seem to
reinforce the notion that somatosensory inputs may be a
potential active ingredient in motor speech interventions.

Limitations

The results of the study must be interpreted with
some caution. Several important caveats are warranted.
First, studies using priming paradigms generally use the
computer-controlled presentation of primes and target stim-
uli (e.g., [46]). Although, there was a potential option
to provide the somatosensory inputs via mechanical skin
stretch by an automated robotic device such as that used by
Ito and colleagues (e.g., [9]) or pneumatic tactile stimula-
tor devices (e.g., [65]), the provision of somatosensory in-
puts (primes) by a trained S-LP offers greater ecological va-

&% IMR Press

lidity to the study methods. S-LP provided somatosensory
input improves the ability to generalize study findings to
real-world clinical settings in the field of speech-language
pathology.

Second, we only primed at the single phoneme level
(either /d/ or /w/) while the target (initial phoneme) was em-
bedded in a larger word-level unit. Generally, priming ef-
fects are stronger as the degree of similarity between prime-
target pairs increases. For example, Meyer [66] demon-
strated that phonological priming effects increased with the
amount of overlap between prime and target words. Word-
form overlap only in the onset consonant (e.g., “kever -
kilo”) resulted in a facilitatory effect of about 30 ms, rel-
ative to an unrelated condition (e.g., “hamer - kilo”). How-
ever, when the entire first syllable overlapped (e.g., “kilo
- kiwi”) the facilitatory effect was greater at about 50 ms
[66,67]. Furthermore, clinically in the PROMPT approach,
syllabic, word level, and phrase-level cues (or prompts) are
preferred over cueing at a single phoneme level [1]. Thus,
there is a potential that the current study may have under-
estimated the priming effects in the experiment and the real
world with the use of smaller phoneme level somatosensory
primes.

A third limitation is the small sample size in the cur-
rent study. Typical priming studies encompass between 40
and 150 participants to detect subtle priming effects (e.g.,
[45,46]. Eliciting significant statistical interaction effects
with small sample sizes is difficult and, therefore, may lead
to a higher probability of type II beta-errors (due to lower
statistical power). Thus, the results of the present study
should be considered preliminary.

Fourth, prior to start of the experiment we manipulated
SNR to reduce auditory-only open-set word-recognition
scores to below-ceiling levels [45]. We obtained a produc-
tion accuracy of approximately 50-65% for each speaker
during practice trials with an unrelated set of words. How-
ever, as the current study used only two groups of 8 words
(16 in total) a relatively high accuracy rate of phoneme iden-
tification (near ceiling level ~90%), was inadvertently ob-
tained for our sample of healthy young adult control speak-
ers. As the current effect is an attenuation effect by an in-
congruent pair, not having much room above the obtained
scores (ceiling values) does not critically affect the inter-
pretation of results. Nevertheless, we strongly recommend
follow-up studies to carefully manipulate SNR to limit pro-
duction accuracy to below ceiling levels to examine en-
hancement effects. Further, we recommend future studies
to have an additional control condition where participants
are tested with the same SNR but without somatosensory
stimulation.

Fifth, as stimuli contained only 64 trials per participant
including repetitions, hearing the same stimulus multiple
times may facilitate identification regardless of any priming
or low-/high-frequency effects. However, this is less likely
as we randomized presentation of stimuli and neither partic-
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ipant nor the clinician (providing the somatosensory prim-
ing) knew in advance if the words were starting with /w/
or /d/ sounds. Further, our control study with 10 additional
participants did not reveal any systematic priming effects
from forehead stimulation (non-speech related site), other
than a general (and expected) tendency for longer reaction
times with low-frequency words. If the effects observed
were based on simple pattern matching then the results ob-
tained from oro-facial somatosensory priming would have
been no different from the forehead stimulation, which was
not the case in the current study.

Finally, the study was carried out on a healthy young
adult cohort; the findings may not necessarily extend to
children with speech sound disorders or older adults with
neurological impairments. For example, Trudeau-Fisette et
al. [68] demonstrated that somatosensory information’s ef-
fects on sound categorization were smaller in children than
in adults. They argue that the stronger auditory and so-
matosensory integration found in adults may result from
the development of sensory-perceptual systems, sensory-
perceptual experience, and/or attentional issues [68]. In the
case of adults with neurological impairments (e.g., follow-
ing cerebral stroke), sensorimotor integration is shown to
be negatively impacted and correlated with the level of re-
covery [69]. The findings of such studies imply that the in-
tegration of sensory information may evolve continuously
through the course of human development and recovery
from injury. Thus, this issue needs clarification and further
research with children and adults with and without speech
and language disorders. Further, the study results may be
restricted to the specific group of speakers (young univer-
sity graduate students) and tasks (speech in noise) we uti-
lized, thereby limiting the generality of our findings.

5. Conclusions

These findings provide preliminary support for the no-
tion that speech production information is represented in the
mental lexicon and can be accessed through exogenous S-
LP-driven somatosensory inputs related to place of artic-
ulation. Low-frequency words usually take longer to be
recognized, and the additional information provided by so-
matosensory input can facilitate this process. Our findings
suggest that the way somatosensory inputs influence lexical
selection is biased by the usage sensitivity of how lexical in-
formation is stored in the mental lexicon [70,71]. The study
results highlight a broader and more integrative role of so-
matosensory information in lexical access, as proposed by
Ogane et al. [10].
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