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Abstract. Tongue-thrust swallowing habit from a low-set tongue position causes open
bite when the tongue pushes the upper and lower front teeth. This study aimed to examine
tongue position discrimination by speech zero-crossing rates and Mel-frequency cepstrum
coefficients (MFCCs). Participants (N = 225) underwent lateral cephalography to mea-
sure TPD (tongue-palate-distance) (TPD5). In addition, a trans palatal arch (TPA) was
also attached to the oral cavity in nine adult participants (Non group), and a low-set
tongue was imitated. Participants’ voices were recorded before and after wearing TPA,
and analysis of zero-crossing rates and MFCCs was performed. TPD was measured to be
2.5(0∼16.5) mm from the central tongue, and a significant difference was found in zero-
crossing rates and MFCCs between groups. As a result, we found that acoustic changes
occurred due to the low-set tongue position. It was suggested that low-set tongue could
be identified by speech.
Keywords: Low-set tongue position, Tongue-thrust swallowing, Zero-crossing rate, Mel-
frequency cepstrum coefficient

1. Introduction. Many orthodontic patients have oral habits such as tongue-thrust
swallowing and a low-set tongue position [1,2]. Tongue-thrust swallowing habits cause
an malocclusion called open bite when the tongue pushes the upper and lower front teeth.
In the low-set tongue position, the tongue stays in the lower position, and the anterior
teeth of the lower jaw are pushed, causing anterior crossbite. In addition, this tongue po-
sition is the cause of a narrow maxillary dental arch because the tongue force that should
normally be applied to the maxilla is insufficient, and thus, maxillary lateral growth is
weakened [3-8]. Therefore, to prevent malocclusion, it is necessary to evaluate the po-
sition of the tongue properly and eliminate abnormal tongue function. Conventionally,
X-ray cinematography, palatograms, and pressure sensors have been used to assess tongue
function. However, X-ray cinematography involves radiation exposure. Since the device
must be attached to the dental arch using the palatogram and pressure sensor, it may
affect physiological tongue movement. Therefore, the evaluation of tongue position by
visual inspection is critical. Recently, authors have reported on quantitative evaluation of
the tongue position during pronunciation by analyzing the formant frequency [9,10]. This
acoustic analysis can be performed in a short time and the burden on the patient is less.
Additionally, the physiological function of the tongue can be evaluated noninvasively and
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objectively. We have previously performed speech analysis using the formant frequencies
of speech as a method to evaluate tongue position objectively [11-14]. Ishii et al. fo-
cused on /

∫
/ that is characteristic of the tongue-thrust swallowing habits and performed

speech analysis using formant frequencies F1 and F2 as a method to objectively evaluate
the tongue position. However, speech analysis using formant frequencies is limited to e-
valuation of the position of the tip of the tongue, and it is difficult to estimate the tongue
position in detail by formant characteristics and auditory evaluation of the pronunciation
speech. Therefore, we have introduced the identification of tongue proboscis by analysis
of the zero-crossing rates and MFCC as a newly acoustic analysis [15]. The oral habit-
s causing malocclusion are not only prominent in tongue-thrust swallowing habits, but
also in the low-set tongue position. However, acoustic evaluation of the low-set tongue
position has not been conducted. Therefore, in this study, we examined the possibility of
discrimination of the low-set tongue position through analysis of the zero-crossing rates
and MFCC using speech that simulates this tongue position.

2. Materials and Methods.

2.1. Participants.

2.1.1. Participants for evaluation of tongue position. This study was approved by the
ethics committee of Nihon University School of Dentistry at Matsudo (approval no.: EC19-
18-17-16-15-007-4). Participants were 225 fourth-year students (144 males and 81 females)
at the Nihon University School of Dentistry at Matsudo. No participant had malocclusion
or an orthodontic appliance that could affect tongue movement.

2.1.2. Participants for acoustic analysis of the simulated low-set tongue. Participants for
acoustic analysis of the simulated low-set tongue included 5 males and 4 females aged
28.3±1.2 years. Inclusion criteria were as follows: an absence of tongue protrusion, a
score on the tongue movement evaluation criteria [16] of 16 points (maximum score), and
absence of irregularity in the skeleton and dentition.

2.2. Protocol for evaluation of tongue position. Lateral roentgenographic cephalog-
raphy was performed in the 225 fourth-year students. Cephalography was performed with
the head fixed according to the conventional method and the tongue resting in the inter-
calated position. The cephalogram was traced by the conventional method, and tracing
and measurement were all performed by the same orthodontist to eliminate inter-rater
bias. The measurement was performed according to the method of Ozbek [17] and Saitoh
[18] (Figure 1). The upper tongue point (Tu) was defined as the uppermost point where
the tongue and the straight line parallel to the straight line connecting retrognathion
(RGN)-base of epiglottis (Eb) intersect. The middle point of the hyoid bone (H) and Tu
was termed the “C” point. The distance between the tongue and palate on the line that
equally divides the angle formed by C-anterior nasal spine (ANS) and C-posterior nasal
spine (PNS) is set as tongue-palate-distance (TPD), and TPD1-TPD8 from the front.
The center of the tongue (TPD5) was defined as the distance between the tongue and
the palate. The median value of the tongue position in the 225 fourth-year students was
calculated.

2.3. Acoustic analysis of the simulated low-set tongue position.

2.3.1. Pronunciation condition. In this study, we recorded uttered speeches using the
trans palatal arch (TPA) to simulate the low-set tongue position (Figure 2). TPA is
an auxiliary orthodontic treatment device that prevents the maxillary molar teeth from
moving forward in orthodontic treatment. By placing it away from the maxillary palate
mucosa, the central part of the tongue will be positioned low by the TPA, and the tongue
will not rise above the TPA. /rakuda/ was pronounced nine times under the following two
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1. TPD1, 2. TPD2, 3. TPD3, 4. TPD4, 5. TPD5, 6. TPD6, 7. TPD7, 8. TPD8
Eb: Deepest part of the epiglottis
RGN: Last point of symphysis
H: Anterior hyoid bone
Tu: Uppermost point where the tongue and the straight line parallel to the straight
line connecting retrognathion (RGN)-base of epiglottis (Eb) intersect

C: Measured middle point of the hyoid bone (H) and Tu

Figure 1. Analysis of tongue position

Figure 2. Trans palatal arch (TPA)

conditions: normal pronunciation (Non group) and TPA positioned 10 mm away from the
palate mucosa (TPA group).

2.3.2. Acoustic analysis. Stimuli were recorded with participants in the sitting position.
A unidirectional condenser microphone (ATM 31a, Audio Technica, Inc., Tokyo) was
placed about 20 cm from the lips in a position that would not be affected by respiratory
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exhalation. For the stimuli, unvoiced soft palate plosive /k/ and posterior tongue vow-
el /u/ in /ku/ were used. Participants pronounced /rakuda/ 9 times. The speech was
quantized at a sample frequency of 22.05 kHz with an accuracy of 16 bits through an
audio-technica interface (EDIROL UA-25EX, Roland Co., Shizuoka, Japan). The stimuli
were extracted using voice waveform analysis and editing software (Acoustic Core, Arca-
dia, Inc., Osaka) stored on a personal computer (Vostro, Dell, Inc., Kanagawa, Japan).
Analysis of zero-crossing rates and MFCC was performed according to Nakayama et al.
[19]. Calculation of zero-crossing rates and MFCC were performed using speech analysis
software, and a median value of each acoustic feature duration obtained from each speech
sample in frame units.
The comparison between the Non and TPA groups was performed by the Wilcoxon

test. All statistical analyses were performed using SPSS (SPSS Inc., Chicago, IL, USA).

3. Results. TPD5 in our study population was 2.5(0∼16.5) mm and 90%tile was 9.5 mm
(Table 1). There were significant differences in zero-crossing rates and MFCC2 between
Non and TPA groups (p < 0.01; Table 2). In addition, significant differences were also
found in MFCC4 and MFCC8 between Non and TPA groups (p < 0.05; Table 2).

Table 1. Tongue-palate-distance (N = 225)

Median Range 90%tile
PTD1 0.0 0 ∼ 18.0 8.5
PTD2 1.5 0 ∼ 20.0 10.0
PTD3 1.8 0 ∼ 21.5 10.5
PTD4 2.0 0 ∼ 19.0 10.0
PTD5 2.5 0 ∼ 16.5 9.5
PTD6 4.0 0 ∼ 17.0 10.0
PTD7 5.5 0 ∼ 18.0 11.0
PTD8 8.5 0 ∼ 20.0 14.0

Table 2. Zero-crossing rates and MFCC1 to 13 values in Non and TPA groups

Non group (N = 9) TPA group (N = 9)
Median Range Median Range p-value

Zero-crossing 4.00 1.88 ∼ 5.43 3.48 2.00 ∼ 5.06 0.004**
MFCC1 −13.90 −5.80 ∼ 12.62 −14.22 −16.46 ∼ −12.22 0.212
MFCC2 0.91 0.33 ∼ 1.43 1.26 0.67 ∼ 2.62 0.001**
MFCC3 −0.69 −1.19 ∼ 0.44 −0.49 −1.23 ∼ 0.13 0.136
MFCC4 0.40 −0.04 ∼ 1.02 0.11 −0.41 ∼ 1.11 0.021*
MFCC5 0.33 −0.32 ∼ 0.81 0.20 −0.71 ∼ 0.73 0.130
MFCC6 0.16 −0.40 ∼ 0.96 0.25 −0.09 ∼ 0.82 0.302
MFCC7 −0.53 −0.99 ∼ 0.10 −0.51 −1.02 ∼ 0.16 0.118
MFCC8 −0.11 −0.54 ∼ 0.28 −0.17 −0.50 ∼ 0.16 0.021*
MFCC9 −0.37 −0.82 ∼ 0.01 −0.30 −0.89 ∼ 0.07 0.203
MFCC10 0.12 −0.31 ∼ 0.53 0.20 −0.36 ∼ 0.52 0.755
MFCC11 −0.53 −1.04 ∼ 0.24 −0.49 −1.07 ∼ 0.34 0.203
MFCC12 −0.15 −0.80 ∼ 0.60 −0.21 −0.67 ∼ 0.15 0.501
MFCC13 −0.05 −0.77 ∼ 0.39 −0.15 −0.62 ∼ 0.31 0.923

Notes: Wilcoxon signed rank test of signed-rank test; NS: not significant, *: p < 0.05, **: p < 0.01
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4. Discussion.

4.1. Evaluation of tongue position. Since the TPD5 in the 225 fourth-year students
was 2.5(0∼16.5) mm, it is considered that a certain distance exists between the tongue
and palate at the center of the tongue. In addition, since 90%tile was 9.5 mm, we decided
to diagnose a person with TPD5 of 10 mm or more as a low-set tongue in this study.

4.2. Speech analysis of the simulated low-set tongue. The zero-crossing rate is the
number of zero crossing instances per unit time in the speech signal [20]. It is assumed that
it detects the difference between normal and simulated low-set tongue pronunciation as
frequency features, especially for consonants. Therefore, the zero-crossing rates may have
utility in the evaluation of tongue function. In speech recognition, MFCC is widely used
as a speech recognition parameter and is a kind of a cepstrum coefficient. The MFCC
represents a value obtained by approximating and human perceptual response with a
mel-scale which is a logarithmic linear frequency band [21]. Acoustic-feature vectors,
MFCC, were set to 13 dimensions for acoustic evaluation. Cepstrum coefficient indicates
roughness of spectral envelope. Low order means a gradual fluctuation of spectrum, while
higher order means a fine fluctuation of spectrum. Since TPD5 was 2.5(0∼16.5) mm and
90%tile was 9.5 mm, the tongue position 10 mm from the palate mucosa was defined as
the low-set tongue position.

Significant differences between the Non and TPA groups in the zero-crossing rates and
MFCC2, MFCC4, and MFCC8 were observed. Therefore, the low-set tongue position
could be identified with the envelope from MFCC2, 4, 8. It was suggested that acoustic
changes in speech during pronunciation may correlate with tongue position. Yamashita
et al. [15] found that MFCC8 is related to tongue protrusion. It is conceivable that the
tongue was pushed forward by the TPA. Therefore, zero-crossing rates, MFCC2, and
MFCC4 are believed to be related to tongue height.

5. Conclusions. It was suggested that the low-set tongue position can be identified by
using the zero-crossing rates, MFCC2 and MFCC4, which quantify the acoustic features
of phonetic speech. Therefore, a more objective tongue evaluation can be performed by
evaluating speech using these methods.
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