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Abstract

Malocclusion impacts articulation of speech sounds,
in particular fricatives. The present study compares
spectral and prosodic patterns between adults with
and without jaw disharmony during production of
the English sibilants /s/ and /S/. 36 adult partici-
pants were recruited and categorized using the Angle
Classification into control (Class I) and experimen-
tal (Class II and Class III) groups. Speech record-
ings were obtained using an iPhone in a clinical set-
ting. The sibilants were analyzed for first and second
spectral moment (i.e., center of gravity (COG), and
spectral dispersion), duration, and intensity using a
linear mixed effects model. Significant differences in
each acoustic variable were found between the maloc-
clusion classes including prominent interactions with
sex. Class III malocclusion exhibited more prominent
acoustic spectral distortions followed by Class II. Class
III females had the highest COG for /s/ and /S/ along
with longer duration. Class III males showed reduced
acoustic distinction between the two sounds along
with intensity changes. Compensatory speech strate-
gies involving duration and intensity changes might
be learned to mitigate the impact of malocclusion
on speech sound distinctions. These findings under-
score intricate relationships between jaw alignment
and speech articulation.
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1. Introduction
Anatomical variability of the upper airway shapes
speech production and contributes to the uniqueness
of a speaker’s voice [1], [2], [3]. The sibilants /s/ and
/S/ are prominent English sounds formed by a narrow
constriction in the oral tract that results in an acoustic
jet with a characteristic noise spectrum that is higher
for /s/ than /S/. Both sounds show considerable vari-
ation in articulatory and acoustic realization due to
individual anatomy, communication intent, phonetic
context, and sociolinguistic factors like gender [4], [5],
[6], [7]. The interaction of these factors with dento-
facial disharmony can lead to acoustic distortions of
speech sounds [8], [9] that is proportional to the skele-
tal severity of the malocclusion [10]. The long-term
presence of dentofacial disharmony may further in-
duce compensatory articulatory behaviors intended
to preserve acoustic distinctions between sounds simi-
lar to compensation observed in response to sensory
and mechanical perturbations of speech or changes in
anatomy [11], [12], [13], [14], [15], [16], [17].
The recent large-scale study by Lathrop-Marshall and
colleagues reported Class III patients had significantly
higher acoustic center of gravity (COG - first spectral
moment) of English consonants /t, Ù, k, s/ than Class
I controls [10]. The Class III patients also had signifi-
cantly greater spectral dispersion of acoustic energy
(second spectral moment) than Class I controls for
/t, Ù, k, s, S/. In other words, there was significant
distortion of the center and distribution of acoustic
energy in the most common English stop and sibilant
consonants with Class III malocclusion. Jhingree et al.
reported that the sibilant contrast in COG (/s/-/S/)
in 11 Class III patients was perceived as significantly
more distorted than in the 8 Class I control speakers
[18]. Patients with Class III malocclusion were per-
ceived as showing both auditory and visual distortion
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of syllables particularly the sibilant /s/ [10].
The current study extends this line of research by pre-
dicting that acoustic spectral moments and prosodic
aspects (duration and intensity) of two English sibi-
lant sounds will be altered in adults with Class II and
Class III malocclusion compared to Class I malocclu-
sion. The spectral changes are more directly related
to jaw misalignment while prosodic differences point
towards learned articulatory compensation.

2. Materials and methods
Thirty-six adults (24 female) were recruited from
patients seeking orthodontic evaluation at the Jack-
sonville University School of Orthodontics (JUSO).
This study protocol and methods were approved by
the Jacksonville University Institutional Review Board
#2023-048. Each participant provided informed and
voluntary written consent. The inclusion criteria were:
1) age 18 - 65 years; 2) Class I, Class II, or Class
III malocclusion based on Angle Classification; 3) no
previous orthodontic treatment; and 4) American En-
glish as dominant language. The exclusion criteria
were: 1) history of TMJ disorder; 2) any craniofacial
deformity; and 3) current pregnancy. The distribution
of patients according to malocclusion status, age and
sex is shown in 1.

Table 1: Participant characteristics listed by independent
variables. The total sample size is 36 participants.

Independent variable Level Frequency
Sex Female 24

Male 12
Malocclusion Class I 19

II 6
III 11

The orthodontic assessment was conducted by a board-
certified dentist in the JUSO graduate program under
the supervision of a board-certified orthodontist. The
assessment included exposure to a panoramic radio-
graph and a CBCT 3D scan (to extract a lateral
cephalogram) including an intra-oral iTero scan. Mal-
occlusion class was determined from the iTero scan
using the Angle Classification, which is based on the
first molar occlusion in the anteroposterior direction
[19].
Each participant was seated in a quiet room and orally
read single words displayed on a computer screen at a
rate of approximately one word every 3 seconds (308
words presented in a randomized order). The task
took approximately 25 minutes including four brief
rest intervals. The participant’s speech was recorded
using a custom SpeechTracker iPhone app with the
microphone consistently placed 55cm from the speaker
with a sampling rate of 44.1 kHz [20]. The words are
from the FITI word list that comprehensively cov-
ers most all phonetic contexts in Standard American
English [21]. The recordings were immediately trans-

ferred to a secure computer via cable connection and
erased from the experiment iPhone, which was never
connected to a network or Wi-Fi so patient records
remained secure and anonymous. Each recording was
imported into Praat 4.6 [22] and analyzed by a speech
scientist and research assistant.
The target stimuli were the initial /s/ from the words
- ‘say’, ‘searched’, ‘subject’, and ‘suburb’ - and the
initial /S/ from the words - ‘shoulder’, ‘show’, and
‘shrug’ for a total of 4 /s/ tokens and 3 /S/ tokens per
participant). The stressed word-initial prevocalic po-
sition is optimal because it is particularly prominent
and thus important for intelligibility [23]. The words
were identified in the acoustic record and displayed
with the spectrographic record. The onset and offset
of each sibilant were demarcated and annotated by
both raters for inter-rater reliability. The onset and
offset times from both raters were compared using a
2*2 Anova to test if the onset and offset times from the
two raters differed. No differences were found between
the raters for onset or offset times so the annotation
record from the Speech Scientist was retained for all
subsequent analyses. Four dependent variables were
used to characterize the sibilants: 1) center of grav-
ity (COG) also known as centroid frequency or first
spectral moment; 2) spectral dispersion also known as
the second spectral moment; 3) duration, defined as
the time interval between the onset marker and the
offset marker (ms); 4) acoustic intensity. The spectral
moments were extracted from the midpoint of the
demarcated sound using a customized Praat script
[24].
Four mixed effects models corresponding to the four
dependent variables (COG, spectral dispersion, du-
ration, intensity) were fitted separately using lme4
and lmerTest packages in R [25], [26]. Each model
had three independent variables with all the interac-
tion terms included: malocclusion class (Class I, Class
II, Class III), sex (female, male), and sound (/s/ or
/S/) including random intercepts for participants and
words [27]. Residuals were visually inspected using
scatter plots (heteroscedasticity) and quantile-quantile
plots (normality) for violations of model assumptions.

3. Results
3.1. Spectral Variables
The mixed effect results for COG are presented in
Table 2 and visualized in Figure 1. The intercept
for COG (7293 ± 594 Hz) was significantly altered
by malocclusion type (+925 Hz, Class III, t = 2.9,
p = .005), sex (−1257 Hz, male, t = 4.0, p < .001),
and sound (−2470 Hz for /S/, t = 10.0, p < .001) along
with prominent interactions. Class III female speakers
had higher overall COG but maintained the acoustic
distinction between /s/ and /S/. Male speakers pro-
duced a less distinct /s-S/ contrast in COG compared
to female speakers (+554 Hz, t = 2.1, p = .03) with
this distinction being particularly reduced in Class III
males (+1427 Hz, t = 3.3, p = .0009). Descriptively,
the COG of /S/ for Class II males was reduced com-
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Figure 1: CoG distributions across speakers are il-
lustrated with boxplots grouped by malocclusion type,
speaker sex, and phoneme.

pared to other groups but the three-way interaction
was not significant (−905 Hz, t = 1.3, p = 0.16).
The spectral dispersion data in Figure 3 suggests
spread of acoustic energy was greater for /s/ than /S/
as confirmed by Levene’s test (F = 5.7, p = 0.017).
As shown in Table 2, the baseline spectral dispersion
(intercept: 2096 ± 468 Hz) was significantly affected
by malocclusion along with several significant interac-
tions. Class III female speakers had higher spectral
dispersion for /s/ but not for /S/ (+1008 Hz, t = 4.3,
p < .001). In contrast, Class II males had a reduced
dispersion for /S/ (−1538 Hz, t = 4.0, p < .001) com-
pared to /s/.

3.2. Prosodic Variables

Malocclusion impacted sound duration with the pat-
terns modulated by sex and sound (Figure 4; Table
3). The intercept (± standard deviation) for duration
149 ± 14 ms was modulated by malocclusion (+47 ms
for Class III; t = 5.4, p < .001) and sex (+19 ms
for male; t = 2.2, p = .03). The significant Class by
Sex interaction (−63 ms Class III x female, t = −4.4,
p < .001; −23 ms malocclusion III x sound /S/, t=-2.1,
p=.04) reveals that Class III females had significantly
longer duration for both sounds, but especially for
/s/. The acoustic intensity was greater for /S/ than
for /s/ (+2.5 dB, t = 2.4, p = 0.04) but other main ef-
fects were not significant (Figure 5). Interaction terms
showed /S/ was modulated by malocclusion class and
sex (Table 1). Class III speakers had higher intensity
/S/ (+3.5 dB, t = 4.1, p < .001) while male speakers
had lower intensity /S/ compared to females (−2.3 dB,
t = 2.7, p = 0.008).
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Figure 2: Spectral distortion distributions across speakers
are illustrated with boxplots grouped by malocclusion type,
speaker sex, and phoneme.

4. Discussion
We compared spectral and prosodic parameters of En-
glish sibilants between three malocclusion classes. As
predicted, Class II and Class III adults showed sig-
nificantly greater spectral distortion of sibilants than
Class I adults. In Class III patients, acoustic distortion
was observed in both COG and spectral dispersion,
whereas Class II showed deviations in spectral disper-
sion compared with Class I speakers. COG provides
the primary distinction between the two sibilants, as
/s/ has a characteristically higher COG than /S/. The
higher COG of /s/ can be related to a more anterior
tongue position along the alveolar ridge, resulting in
a small cavity in front of the noise source (i.e., the
contact between tongue tip and palate) and hence a
higher resonant frequency [28]. Spectral dispersion
provides additional information of articulatory behav-
ior that indicates the regularity of the signal-to-noise
ratio in acoustic phonetics. The distortion observed
in both sibilants, therefore, indicates jaw misalign-
ment impacted anterior and midpalatal articulatory
postures and changes the noise profile of these basic
sounds. This distortion pattern conforms to recent re-
ports [10], [29], [30] that jaw disharmony compromises
a speaker’s ability to form the articulatory occlusions
that underlie the intelligibility of basic speech sounds.
Our spectral results particularly align with the recent
large-scale report by Lathrop-Marshall et al. whose
patients with Class III malocclusion had significantly
higher COG for /s, k, t, Ù/ than control speakers.
The current results extend these findings by showing
prominent interactions between Malocclusion Class
and sex. Class III females had significantly higher
COG for both sibilants, which was most distinctive
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Figure 3: Spectral distortion distributions across speakers
are illustrated with boxplots grouped by malocclusion type,
speaker sex, and phoneme.

for /s/. A wider spectral dispersion of acoustic energy
was also present for /s/ production by Class III fe-
males. A considerable body of literature confirms that
female adult speakers have higher COG for sibilants
than males due to social and anatomical factors [7].
Considering that Class III females show an even more
exaggerated COG could indicate their underbite re-
sults in an atypically small anterior cavity for the /s/.
Alternatively, it could be a compensatory strategy to
enhance the acoustic difference between /s/ and /S/.
While the relationship between the spectral dispersion
and articulation is not well characterized, systematic
deviations in these values reflect the combined impact
of articulation and anatomy.
The male patients also showed acoustic distortions
that contributed to the significant interactions. The
COG of /s/ in Class III males did not increase, rather
their COG for /S/ increased leading to a reduction in
the /s-S/ acoustic distance. The /s-S/ distinction is
considered a primary contributor to speech discrimina-
tion with adults showing a difference in COG greater
than 1000 Hz [31]. Recently, Jhingree and colleagues
reported that reduced /s-S/ distinctions in malocclu-
sion were associated with higher listener perceptions
of acoustic distortion [18]. We suggest that under-
bite in the Class III males contributed to a decreased
acoustic /s-S/ distinction of < 1000 Hz that could
interfere with consistent sound identification. Their
underbite could limit lingual range of motion and
shift /s/ and /S/ occlusions into a shared articulatory
space. Class II males maintained the /s-S/ distinction,
but there was a significant decrease in their COG
of /S/. These speakers potentially shift their tongue
body posteriorly to produce the distinction. The other
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Figure 4: Spectral distortion distributions across speakers
are illustrated with boxplots grouped by malocclusion type,
speaker sex, and phoneme.

classes maintained a clear /s-S/ distinction in spectral
acoustic terms.
Our other critical findings related to sex differences
were identified in the prosodic variables. The Class III
females had the longest acoustic duration compared
to the Class I and Class II patients, but particularly
for /s/. Increased duration could be a compensatory
strategy used by the female speakers to maintain the
distinctiveness of these sounds but would also extra
effort. The lower COG of the class II males may
also not be fully determined by overbite but also by
a functional adjustment of exaggerated tongue body
retraction for /S/ to promote the /s-S/ distinction. Pre-
liminary evidence from acoustic intensity indicated
that Class III speakers almost uniformly increased
the intensity of the sibilants /S/ relative to the other
groups. Anatomical differences due to malocclusion
contribute to the acoustic distortion, but there also
appear to be compensatory adjustments patients use
to distinguish the sibilants reflected in the duration
patterns. Other compensatory strategies could involve
articulatory postures, but this needs to be investigated
with paradigms that manipulate place of articulation
and therapeutically induced articulatory compensa-
tion.
This research initiative is continuing as we build a
larger database of orthodontic patients with a focus on
how sex interacts with dental disharmony. Immediate
attention is focused on prosodic changes (duration
and intensity) as possible functional compensations
but also on how speech kinematic patterns change
with malocclusion. The results regarding the six Class
II participants should be interpreted cautiously and
confirmed with a larger cohort. We used a relatively
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Table 2: Mixed effects linear regression results for centre
of gravity (CoG) and spectral dispersion (SD).

CoG (Hz) SD (Hz)
Intercept 7293 2096
Class II -164 +398
Class III +925 +1008
Male -1257 -209
/S/ -2470 -120
II:Male +236 +889
III:Male -861 -1053
II:/S/ -155 -408
III:/S/ -227 -1000
Male: /S/ +554 +369
II: Male : /S/ -905 -1538
III: Male : /S/ +1427 +557
Participants (σ) 594 468
Words (σ) 245 217
Residuals (σ) 804 475

simple molar classification but other methods, such
as Wits appraisal, account for skeletal and dental pa-
rameters, specifically the functional occlusal plane.
Applying a different classification could result in a
different distribution of patients across classes but can
also contribute quantitative anatomical predictors of
acoustic distortion [10]. Another consideration is the
spacing of anterior or posterior teeth, which may com-
promise the spectral measures, and often accompanies
malocclusion. Different approaches to appraisal of
spacing are used, but a binary spacing analysis with
malocclusion class could help to understand acoustic
implications.

5. Conclusion
Class II and III malocclusion are associated with sig-
nificant distortion of the spectral characteristics of
English sibilants in adults. Acoustic distortion differs
with malocclusion and sex. Duration and intensity pat-
terns suggest a compensatory strategy. The influence
of orthodontic intervention on immediate changes in
tongue-jaw coordination and long-term compensation
need to be evaluated in adult and pediatric popula-
tions.
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