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Abstract

Background: Speaking depends on refined control of jaw opening and closing move-
ments. The medial pterygoid muscle (MPT), involved in jaw closing, and the lateral
pterygoid muscle (LPT), involved in jaw opening, are two key mandibular muscles in
mastication and are likely to be recruited for controlled movements in speech.
Objectives: Three hypotheses were investigated, that during speech the MPT and
LPT: (1) were both active, (2) but exhibited different patterns of activity, (3) which
fluctuated with the vowels and consonants in speech.

Methods: Intramuscular EMG recordings were made from the right inferior head of
the LPT and/or the right MPT in five participants during production of 40 target non-
sense words (NWs) consisting of three syllables in the form /V, C,V, C,3/ (V = vowel;
C = consonant; @ = unstressed, reduced vowel), spoken by each participant 10 times
per NW; analysis focussed on the target syllable, C,V,.

Results: Both MPT and LPT exhibited robust increases in EMG activity during utter-
ance of most NWs, relative to rest. Peak LPT activation was time-locked to the final
part of the target consonant (C,) interval when the jaw begins opening for the target
vowel (V2), whereas peak MPT activation occurred around the temporal midpoint of
V,, when the jaw begins closing for C,. EMG amplitude peaks differed in magnitude
between “high” vowels, i.e., for which the tongue/jaw are high (e.g., in SEEK), and
“low” vowels, i.e., for which the tongue/jaw are low (e.g., in SOCK).

Conclusions: These novel findings suggest a key role for the LPT and MPT in the fine
control of speech production. They imply that speech may impose major synergistic
demands on the activities of the MPT and the LPT, and thereby provide insights into
the possible interactions between speech activities and orofacial activities (e.g. mas-
tication) and conditions (e.g. Temporomandibular Disorders) that involve the mastica-

tory muscles.
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1 | INTRODUCTION

Speech is a major orofacial motor activity which, for most individu-
als, is more frequently performed than mastication and is essential to
human social interaction and quality of life including mental health.
Patients frequently present to their dentists and dental specialists
to improve masticatory ability as well as speech intelligibility, and
routine prosthodontic, orthodontic, restorative, and surgical pro-
cedures can have significant impacts on speech. For example, pro-
ducing a clear /s/ sound requires a closely approximated upper and
lower anterior tooth position.>? After many restorative and prostho-
dontic procedures, dentists will listen for the clear /s/ sounds in pa-
tients' production of words such as “six and seven” and “Mississippi”
to assess not only an appropriate anterior tooth position but also
an adequate “speaking space” at an acceptable vertical dimension of
occlusion.>? Given the importance of clear speech following dental
procedures, it is remarkable that the dental and the speech produc-
tion literatures have remained largely unconnected.

During speech, the mandible moves rapidly in the sagittal plane
with frequent reversals in direction, and the trajectories can vary
with the production of different consonants and vowels and with
changes to the anterior teeth.®= The medial pterygoid muscle (MPT),
active in mandibular closing, and the lateral pterygoid muscle (LPT),
active in mandibular opening, are critically important muscles in mas-
tication, and are also likely to be two key contributors to the control
of mandibular movements in speech. First, of the jaw muscles, the
LPT is anatomically the best oriented to generate horizontal force
vectors on the mandible in the sagittal plane,"”S and the superior,
anterior, and medial orientation of each MPT®? means that it can act
synergistically with the LPT to provide the rapid reversals in mandib-
ular direction in the sagittal plane during speech, and as well to help
stabilise mandibular position to allow the lip and tongue muscles to
operate during speech. Second, electromyographic (EMG) studies
of MPT and LPT activity patterns during standardised mandibular
tasks provide evidence for a prominent role for the MPT and LPT
in the fine control of horizontal mandibular movements and forces
particularly in the sagittal plane’®** and for the MPT in stabilising
mandibular movements.'? There are also some previous data from
unverified EMG recordings that the MPT and LPT are active during
speech.>® Given the deep location of these muscles, however, it is
important to verify, e.g., through computed tomography (CT), that
the EMG recordings are in fact coming from these muscles.?”

If the pterygoid muscles, two of the classical masticatory mus-
cles, are shown to be active in speech and to be intimately con-
cerned with the fine details of speech production, then the effects
of prosthodontic, orthodontic, restorative, and surgical procedures
on mandibular muscle activity may not be limited to their effects
on muscle activity during mastication® but also during speech.
The data may also have broader implications because both mus-
cles have been implicated for many years as playing a special role
in the pathophysiology of Temporomandibular Disorders (TM D).¥
If the pterygoid muscles are shown to be frequently active during
speech, then speech might impose a significant additional load

on the muscles that may be an etiological factor in TMD as well
as being an acknowledged activity that is affected by TMD.?°
Although speech would be likely only to impose low loads on the
jaw muscles, such low loads could still contribute to TMD given
the evidence that wake-time non-functional tooth contacts such
as frequent low level mandibular clenching have associations with
TMD.?*23 Analogous observations have been made in the spinal
musculoskeletal system where occupations characterised by static
low muscle loads and cyclic repetitive actions exhibit a high prev-
alence of work-related musculoskeletal disorders.?* Speech is also
affected in other disease conditions such as Parkinson's disease,

20.25 35 well as medication-induced orofa-

stroke, and neoplasia,
cial dyskinesias and dystonias. The present findings could point
to mandibular muscle activity as a potential factor in how these
diseases and medications affect speech. The aims of the present
study were to test three hypotheses, that during speech the MPT
and LPT: (1) were both active, (2) but exhibited different patterns
of activity, (3) which fluctuated with the vowels and consonants

in speech.

2 | METHODS

Inclusion criteria for the five recruited participants (three males, two
females; age range: 29-61years) were voluntary written informed
consent and an ability to fluently read and clearly pronounce English
nonsense words. None had a history of orofacial pain or neuromus-
cular disorders and recent or anticipated computer tomography (CT)
scans. Ethics approval was obtained from the Western Sydney Local
Health District Human Research Ethics Committee (Reference num-
ber: HREC2012/4/4.3[3484]). Some of the EMG procedures have
been previously described in detail,’>*? and more details are in the
Appendix S1.

2.1 | EMG and speech acoustic recordings

Intramuscular EMG recordings were made from the right inferior
head of the LPT and/or the right MPT by inserting bipolar teflon-
coated fine wires (Mediwire, USA; 110pumx25mm) via a sterilised
needle through the mucosa. The insertion point for the LPT was
above the upper right second molar tooth to the lateral surface of
the lateral pterygoid plate, and for the MPT, at the same insertion
point as for an inferior alveolar nerve block but with the needle an-
gled slightly lateral to the lower right posterior teeth, and advanced
~10-30mm. After each insertion, the needle was removed, and the
wires remained within the muscle and were passed loosely out at the
corner of the mouth to reduce physical interference during speech.
Electrodes were placed in the LPT only, in one participant, in the
MPT only, in two participants, and in both muscles in two partici-
pants. The EMG activity from each electrode was amplified (Model
DBA-S, World Precision Instruments Ltd, Hertfordshire, UK; up to
20000x), filtered (bandwidth: ~0.1-5 kHz), and digitised (micro1401;
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Cambridge Electronic Design, Cambridge, UK; ~20000 samples/s)
for offline analysis. Participants remained in an unrestrained seated
position throughout the recordings.

Prior to recordings, participants briefly clenched and opened
their mandibles against resistance to confirm muscle activity only
from the MPT and LPT electrode leads, respectively. Electrode
placement was verified at the end of 4/5 recording sessions, by 1-
3-mm thick CT-axial slices taken inferior to and parallel with the
clinically approximated Frankfort Horizontal Plane. During these
EMG recordings, data related to jaw and tongue motion were also
acquired but were not analysed for this paper (see Appendix S1).
Speech acoustics were recorded with a microphone capable of flat
recording between 60 and 15000Hz and were amplified and digi-
tised (micro1401; Cambridge Electronic Design) at a rate of 20000

samples/s simultaneously with both EMG recordings.

2.2 | Spoken nonsense words

Nonsense words (NWs) (Table 1) were used to capture the consonant-
vowel sequences and syllable structure needed for our analyses, which
was not possible with real words. The NWs were displayed on a moni-
tor in front of each participant. Each NW contained three syllables of
the form /V,'C,V,.C,a/ (V: vowel; C: consonant) where V, and V, are
identical, C, and C, are identical, the second syllable is stressed, and the
final /a/ vowel is unstressed, as in the real word/name aurora (0-RO-ra).
Appendix S1 describes and Table 1 lists the 40 NWs, which constitute
combinations of five vowels /e, a, i, e, o/ with eight consonants /p, f, t, s,
[, 1, r, k/, where /f/ is the “sh” sound. In each trial, a NW was repeated 10
times with a timed pause (~1 s) between the repetitions. Only a subset

of the NWs was used for the current paper (see next section).

2.3 | Dataanalysis

To test the first hypothesis, a qualitative analysis assessed the pres-
ence or absence of EMG activity within LPT and MPT during speech
in comparison to the rest periods between the NWs. To test the
second hypothesis, the EMG data were first filtered using a propri-
etary algorithm, developed by author CC, for estimating the spectral
density of the underlying system noise. An amplitude envelope of
the filtered EMG data was subsequently created by computing the

TABLE 1 The 40 nonsense words

(NWs) P f
a apapa afafe
i ipipa ififa
e epepa efefa
o opopa
ES] &paepa

opopa

efefo
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absolute values of the Hilbert transform (see Appendix S1) of the fil-
tered data. Since the level of muscle activation can vary between the
muscles, the final filtered and enveloped data was presented in per-
centages of the total ranges observed for each muscle in each par-
ticipant's data. Scaling the data in this way emphasises the temporal
coordination between the two muscles while retaining the variation
in activity levels across different contexts. Each NW production was
also time-normalised by resampling the EMG data, before combining
the data from the 10 repetitions of that NW. This time normalisation
was applied to each separate C and V in the NW by either stretching
or compressing its duration to be equal to the average duration of
that C or V across the 10 repetitions.

The presence of differences in EMG amplitude peaks between
“high” vowels (e.g. /i/ as in “leak”, and /e/ as in “lake”) and “low” vow-
els (e.g. /a/ asin “lock”, and /ze/ as in “lack”) was used to test the third
hypothesis. High vowels were compared with low vowels because
the amount of mandibular opening has been clearly demonstrated to
be less with high vowels, during which the tongue body is closer to
the palate [high], than low vowels during which the mandible is more
open, i.e., the tongue body is lowered from the palate.?’ If there are
differences in the characteristics of the EMG activity between high
and low vowels, then this suggests that muscle activity fluctuates
with the magnitude of jaw opening and closing in speech. In order
to highlight these possible differences, we only include here conso-
nants that are produced with the tip of the tongue pressed against
the alveolar ridge (and, thus, the mandible in a more closed position
than for vowels), i.e. the consonants /s/ and /t/; this helps ensure
that the mandible traverses a maximum range of displacement be-
tween each consonant and vowel. Therefore, the NW subset used to
test this third hypothesis includes the eight combinations of the four
vowels /i, e, a, &/ and the two consonants /s, t/. The analysis for this
third hypothesis focussed on the second syllable, the target syllable,

in which C, is the target consonant and V, is the target vowel.

3 | RESULTS

An example from one participant of CT verification data is shown in
Figure 1A for the MPT and 1B for the LPT.

All recordings from the MPT (n = 4) and the LPT (n = 3) exhib-
ited robust changes in EMG activity, in comparison with rest periods
between the NWs, for all NWs. Figure 2 shows representative raw

t s I | r k

atats asasa afafe alala arara akaks
itite isisa ifife ilila irira ikika
eteta esesa efefe elels erera ekeka
otota 050S3 ofofs olola orora okoka
2teets 25259 EJESE] xlels &raera ekaeks

Note: Nonsense words (NWs), which constitute combinations of five vowels /a, A, i, e, o/ with
eight consonants /p, F, t, s, [, |, r, k/, where /[/ is the “sh” sound. In each trial, a NW was repeated 10
times with a~1 s pause between the repetitions.
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data from a section of a trial in one participant during the speaking
of five NWs (apapa, atats, ilils, alals, setzeta). There are clear changes
(mostly increases) in EMG activity in both the MPT and the LPT
during each NW in comparison with the between-NW rest periods,
and the bursts of activity of the MPT appear to be mostly out of
phase with those of the LPT.

Figure 3 displays representative data of speech audio (top panels),
filtered EMG activity (middle panels), and Hilbert energy envelopes
(bottom panels) for the NW /isisa/ (left column, high vowel) and the
NW /aesaesa/ (right column, low vowel). The LPT and the MPT are

(A) _ (8)

LPT

MPT

0.3
mV

0.5s

denoted by different line colours, the beginning and end of the NWs
are denoted by vertical dashed lines, and in the target syllable the
consonant (C,) interval is denoted by the dark grey shaded area, and
the vowel (V,) interval is denoted by the light grey shaded area. Note
the marked difference in LPT and MPT EMG activity between the
high vowel NW (left panel) compared with the low vowel NW (right
panel). It is also apparent that the largest increases in MPT activity
(implicated in mandibular closing) tended to occur during the target
vowel, while the largest increases in LPT activity (implicated in man-

dibular opening) appeared mostly at the end of the target consonant.

FIGURE 1 Computer tomography (CT)
verification data from one participant
and displaying two horizontal CT slices
(anterior is uppermost) that show the
location of an intramuscular EMG
electrode (red circle) within the medial
pterygoid muscle (A) and the lateral
pterygoid muscle (B). The actual recording
region of each electrode is 2-4 mm

from the end of the wires illustrated

in the centre of each red circle (see
Appendix S1).

apapa atate

ilile alale ®etets

FIGURE 2 Representative data from a section of a trial in one participant for the nonsense words apaps, atats, ilil, alals, aetaea. The
lowermost panel is the speech audio output, and the two top panels show the unfiltered electromyographic signal from the lateral pterygoid
muscle (LPT, uppermost panel) and the medial pterygoid muscle (MPT, middle panel).
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Muscle activity patterns from the LPT and the MPT are displayed
for the NWs containing target syllables with low vowels (/a, &/; see
“Data analysis”) in Figure 4, and with high vowels (/i, /) in Figure 5.
For both low and high vowels, the LPT is most active during the tar-
get consonant and the MPT is most active during the target vowel.
A comparison of the time-normalised participant patterns (panel A)
with the group patterns (panel B) in both figures shows that the LPT
reaches peak activation during the latter portion of the target con-
sonant interval (see also panel C), whereas the MPT reaches peak ac-
tivation just after the temporal midpoint of the target vowel. During
high vowels (Figure 5), the MPT reached an average of ~60% and
LPT reached an average of ~40% of the maximum level observed

during the low vowels (Figure 4).

Audio and ENO signal cxarnple: high vowel
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4 | DISCUSSION

This is the first evidence from verified EMG recordings that the
MPT and the LPT, two important masticatory muscles,®” also play
an important role in speech. The data support the hypotheses by
showing that, during speech, the MPT and LPT muscles are active
during a variety of speech sounds, the activity of the MPT is differ-
ent from that of the LPT, and that variation in MPT and LPT EMG
activity correlate with aspects of speech, i.e., differences in vowels.
These results have important implications for dentistry, suggest-
ing that dental procedures that affect speech (e.g. prosthodontic,
orthodontic, restorative, and surgical procedures) may also influ-

ence the activity of the mandibular muscles during speech. For

Aud ¢ and ENQ slgnal exarrpl2: low vowel
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FIGURE 3 Examples in one participant of speech audio output (top panels), filtered electromyographic (EMG) activation signals (middle
panels), and Hilbert energy envelopes (bottom panels) for the nonsense word containing a high vowel, “isisa” (left column), and the nonsense
word containing a low vowel, “aesaesa” (right column). The lateral pterygoid and medial pterygoid muscle activities are denoted by different
line colours, the beginning and end of the nonsense words are denoted by vertical dashed lines, the interval of the target consonant (C,) is
denoted by the dark grey rectangle, and the interval of the target vowel (V,) is denoted by the light grey rectangle.
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Jaw muscle activation: low vowels
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FIGURE 4 Muscle activation patterns for target syllables containing low vowels /a, s/. The lateral pterygoid and medial pterygoid
muscles are denoted by different line colours, the interval of the target consonant (C,) is denoted by the dark grey rectangle, and the interval
of the target vowel (V,) is denoted by the light grey rectangle. Panel A shows the inter-participant patterns of muscle activation with time
normalisation of the target consonant and target vowel; a 100 ms window has been included before the target consonant and after the
target vowel to provide a context for the activation patterns. Panel B displays the same information as panel A, but as average patterns
across all participants along with 95% confidence interval bands. Panel C displays the same information as Panel A, but without time
normalisation; the vertical line denotes the temporal boundary between the target consonant and target vowel.

example, modifying anterior tooth position will likely significantly
affect the activity of both the MPT and the LPT during speech. The
findings may also help explain why speech may be impaired in TMD
patients.%°

4.1 | Implications for TMD

As speech is performed without tooth-to-tooth contact, in contrast
to mastication, dentists may have assumed that speech, and by
implication any changes to the dentition resulting in alterations to
speech, are unlikely to impose excessive demands on the activities
of the mandibular muscles. The findings that both the MPT and the
LPT are not only intensely active throughout production of many
different speech sounds, but also appear to modulate their activ-
ity in close relation with high vowels vs. low vowels, suggest that

these muscles play a prominent role in the fine details of speech
production. Previous work has noted that verbal and emotional ex-
pression may be affected in TMD.?° Given the evidence cited earlier
that low-level prolonged mandibular muscle activations may lead to
tissue damage and pain in both the trigeminal and spinal musculo-
skeletal systems,?2% there is the potential for speech to be a source
of prolonged mandibular muscle activations particularly in individu-
als with high speech requirements, for example, broadcasters, te-
lephonists, singers, teachers, journalists and politicians. It should be
mentioned however, that there is a substantial difference in muscle
activity patterns between the rapidly changing muscle contractions
during speech and the low-level static muscle activation when hold-
ing the teeth in contact in low level clenching. Nonetheless, the
presence of pterygoid muscle activity in speech provides the op-
portunity for high demand on these muscles. An earlier observation
identified a co-contraction of the masseter and suprahyoid muscles
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FIGURE 5 Muscle activation patterns for target syllables containing high vowels /i, e/. See Figure 4 legend for detailed description.

in TMD patients, and which was absent in pain-free controls.?’ If the
pterygoid muscles co-contract in a similar fashion in TMD patients,
then this may have implications for possible effects on speech.
More detailed information about mandibular muscle activity dur-
ing speech may provide insights into the possible bidirectional re-
lationship between speech activities and orofacial pain conditions
affecting the masticatory muscles. Speech could also be explored
as a possible therapeutic exercise in TMD patients with myalgia to

assist in jaw muscle re-training.

4.2 | Detailed activities in speech

For both low and high vowels, LPT activation is consistent across
participants in a time-invariant manner (i.e. the peak is time-locked
to the final part of the target consonant interval) whereas MPT ac-
tivation is consistent across participants in a time-relative manner
(i.e. the peak occurs near or just after the temporal midpoint of the
target vowel). Given that the LPT has been shown to be an ideal
muscle to achieve a precise anterior-posterior positioning of the

10,11,13,14

mandible, we interpret these patterns as indicating that

the LPT is involved in precise anterior-posterior mandibular posi-
tioning for the production of the consonant prior to the formation
of the following vowel. In comparison, we extrapolate from the
role of the MPT in closing the mandible and in stabilising vertical
mandibular position throughout horizontal mandible movements
with the teeth apart,®? that the MPT is used in speech for closing
the mandible near the middle of the vowel to begin forming the
following consonant. In this way, LPT and MPT activation is co-
ordinated asynchronously to help achieve complementary speech
goals throughout the target syllable.

4.3 | Future directions

Future studies could explore the temporal relationship between
muscle activation and jaw kinematics. It is also unclear if the same
motor units used during mastication are also used during speech.
This could have implications for whether speech exercises might
be useful in re-training the jaw muscles in therapeutic interven-
tions and/or whether speech may contribute to the development of
TMD. This could be investigated with EMG recordings during both
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mastication and speech. The present findings also provide baseline
data for developing algorithms driving actuators in the development
of robotic faces simulating speech. Speech in current robotic faces
(e.g., Sophia: Hanson Robotics) appears artificial, which may partly
be due to the absence in these robots of a ‘mandible’ that is being
moved in a similar way as in human speech.

5 | CONCLUSIONS

The present findings show that the MPT and the LPT are active
during speech, but in different ways, and that fluctuations in their
activity are associated with differences in production of some con-
sonants and vowels. These novel findings suggest that speech im-
poses substantial demands on the activities of the MPT and the LPT,
both of which are also involved in mastication.
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