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3pSC58	 A	Preliminary	Acoustic	Analysis	of	Three-Dimensional	Shape	of	
the	Human	Nasal	Cavity	and	Paranasal	Sinuses	Extracted	from	
Cone-Beam	CT

Background and Objective 

Shape of the human nasal 
cavity and paranasal sinuses
• Complex
• Individual variance
• Stable during speech

Explore the acoustic characteristics of the 3D shape of the nasal cavities and paranasal sinuses 
using finite-difference time-domain simulation

à Speaker individualities

Lack of studies on the acoustic 
properties of the cavities
• Dang & Honda (1996)      

1D model
• Kagawa et al. (1996)        

3D BEM

Acoustic analyses on the 
basis of the 3D shape of the 
cavities are needed to 
understand more about their 
acoustic effects on speech 
sounds.

Methods
Cone-Beam X-ray CT data

• Scanner: Hitachi medico MercuRay
• Subject: One female (18 years old)
• X-ray tube voltage: 100 kVp
• Pixel size: 0.377 mm × 0.377 mm × 0.377
• Image size: 512 × 512 pixels
• No. of slices: 512

Extraction and reconstrunction of the 3D shape of the cavities

Reconstruction of  3D 
shape and adding wall

This	research	was	approved	by	the	ethical	and	safety	committees	of	
Showa	University.

Median smoothingOriginal image Segmentation

Acoustic simulation

• Finite-difference time-domain method
• Input: Gaussian pulse was inputted from the glottis
• Observation point: 20 mm away from the nostril
• Spatial resolution: 0.5 mm × 0.5 mm × 0.5 mm
• Time resolution: 5.0 × 10-7 s
• Speed of sound: 346.7 m/s, Air density: 1.17 kg/m3

• Normal sound absorption coefficient: 0.008 (12-layer PML)

Note that in this method frequency dependent losses on the
wall cannot be implemented.

E. Simulation details

The size of the simulation space including analysis data
of the vocal tract for each vowel was 80 ! 146 ! 133 vox-
els. At all sides of the simulation space, 12 layers of PML
were added to absorb outgoing sound waves. The simulation
constants were as follows:

Air density, q ¼ 1.1709 kg/m3.
Sound speed, c ¼ 346.6636 m/s.
Sampling time, Dt ¼ 1.0 ls.
Grid width, Dx ¼ Dy ¼ Dz ¼ 1.0 mm.
Normal sound absorption coefficient, an ¼ 0.004.

Note that q and c were calculated by equations described in
the Appendix of Caussé et al. (1984) at temperature 25.5 #C,
which was the same as in the anechoic room for acoustic
measurements.

A point source of volume velocity was set up at a point
just above the glottis with the following Gaussian pulse gp(t)

gpðtÞ ¼ e&fðDtn&TÞ=0:29Tg2

ðm3/sÞ; (8)

where T ¼ 0.646=f0 and f0 ¼ 10 kHz. Figure 4 represents the
pulse in time and frequency domains. As Fig. 4(b) indicates,
the amplitude of the pulse reduced by 3.0 dB in the fre-
quency range from 0 to 10 kHz.

The observation point was placed 3 cm away from the
center of the lip end and the output signals Pobs(t) were
recorded during 50 ms. To compensate acoustic characteris-
tics of the excitation pulse and attenuation effects within the
air, the reference signals Pref(t) were also computed during
50 ms using the same source and observation points, when
the analysis data of the vocal tract were removed from the
analysis field. According to the reciprocity theorem in acous-
tics, the source point and observation point are reversible.
Thus, spectra of Pobs(t) and Pref(t), i.e., Pobs(x) and Pref(x),
corresponded to Pmeas(x) and Ps(x) in Eq. (1), respectively.
Consequently, the simulated transfer function Hsim(x)
¼ Pobs(x)=Pref(x) can be directly compared with the meas-
ured transfer function Hmeas(x).

Simulations were performed on a parallel computing
system. The system had 16 central processing units (CPUs)
and 16 GB memory. It took approximately 60 min to calcu-
late the transfer function for each vowel.

F. Occlusion of the laryngeal cavity and side branches

To examine acoustic effects of the laryngeal cavity and
side branches (epiglottic valleculae, inter-dental spaces, and
piriform fossae) on the transfer function, the vocal tract
shape was modified and the transfer function was computed.
Dark gray parts in Fig. 1 indicate the location and geometry
of the laryngeal cavity and side branches for the vowel /u/.
In this simulation, the laryngeal cavity and side branches
were occluded one by one, and the transfer function was
computed and compared with the original one. Note that
when the laryngeal cavity was occluded, the source point
was placed at the bottom of the pharynx, and that the vocal
tracts for /a/ and /o/ lacked the inter-dental spaces because
they merged with the oral cavity. Table I lists the occluded
volume of the laryngeal cavity and side branches, and Table II
indicates the area function of the laryngeal cavity. The area
functions were measured by the method described in
Takemoto et al. (2006a).

In order to evaluate effects of each side branch on the
transfer function, the mean spectral distance between the

FIG. 4. Input Gaussian pulse (a) and its frequency characteristics (b). In the
frequency domain, the spectral amplitude monotonically decreases by 3 dB
from 0 to 10 kHz.

TABLE I. Occluded volumes of the laryngeal cavity and side branches for

the five vowels. Units are voxel (mm3).

/a/ /i/ /u/ /e/ /o/

lca 1279 1106 1429 1137 1040

rpfb 1099 1153 1156 865 1052

lpfc 492 531 539 468 519

rvd 343 337 633 147 536

lve 139 404 570 83 512

rif — 103 188 650 —

lig — 274 172 452 —

aLaryngeal cavity (lc).
bRight piriform fossa (rpf).
cLeft piriform fossa (lpf).
dRight vallecula (rv).
eLeft vallecula (lv).
fRight inter-dental space (ri).
gLeft inter-dental space (li).
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Input Gaussian pulseFor details of the simulation method, refer Takemoto et al. (2010).

Trainable	Weka	segmentation

3-mm	thickness

Concentric noise



Results and discussion

Conclusions
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Transfer	function	of	the	nasal	and	the	paranasal	cavities

Sound	pressure	distribution	in	the	cavities	for	spectral	peaks
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Sound	pressure	distribution	in	the	cavities	for	spectral	dips

Sources of the spectral peaks

Sources of the spectral dips

• 1st to 5th peaks à Resonances of a closed 
tube (closed end: the glottis, open end: the 
nostrils)

• The paranasal sinuses contributed to the 
resonances (not only to the anti-resonances).

• Unilateral resonance
• 2nd, 3rd, and 5th peaks were generated in 

the left cavities.
• 4th peak was generated in the right 

cavities.

• Pharyngeal cavity contributed to the three 
deep dips.

• Dip at 4,350 Hz à 2nd resonance of the 
lower pharyngeal and the laryngeal cavities

• Dip at 5,050 Hz à 1st mode in the upper 
pharyngeal cavity (transverse direction)

• Dip at 6,150 Hz à 1st mode in the lower 
pharyngeal cavity (transverse direction)

Effects of the cavities

• The 3D acoustic analyses of the nasal cavity and 
paranasal sinuses of one female were performed 
using the FDTD method.

• The sources of the peaks and dips on the transfer 
function of the cavities were identified.
• Left and right nasal cavities à the spectral 

peaks
• Left and right MSs, FS, pharyngeal cavity à the 

spectral dips

0.45 1.55 3.90

0.70 1.40

Without	the	left	MS

MS: Maxillary sinus, SS: Sphenoidal sinuses, FS: Frontal sinus

Without	the	left	and	right	MSs

Without	the	MSs	and	SS

Without	the	MSs,	SS,	and	FS

Pharyngeal cavity

Left nasal cavity
Right nasal cavityLeft and right 

nasal cavities

Right MS
Left MS

FS

Transfer	function	of	the	nasal	and	the	
paranasal	cavities


