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ABSTRACT:
Although air sinuses are prevalent in odontocetes and are an integral component of their sound reception system, the

acoustic function of these air-filled structures remains largely unknown. To address this, we developed a numerical

model using computed tomography data from a Yangtze finless porpoise (Neophocaena asiaeorientalis asiaeorienta-
lis) to investigate the role of the air sinuses in sound reception. By comparing sound reception characteristics

between model cases with and without the air sinuses, we found that the air sinuses improved sound reception direc-

tivity. Across frequencies from 1 to 100 kHz, the directivity indexes for cases with and without the air sinuses ranged

from 0.35 to 5.64 dB and 0.23 to 4.12 dB, respectively. Additionally, the air sinuses increased amplitude differences

in received sounds, with maximum values of 2.05, 2.78, and �2.38 dB for the front-to-behind, ipsilateral-to-contra-

lateral, and top-to-bottom aspects, respectively. These results indicate that the air sinuses effectively provided acous-

tic isolation for the bony ear complexes from the behind, contralateral, and top aspects, thereby enhancing

asymmetric sound reception dominated by the front, ipsilateral, and bottom aspects. This study contributes to a

deeper understanding of odontocete sound reception and sheds light on the significant role of the air sinuses in this

context. VC 2024 Acoustical Society of America. https://doi.org/10.1121/10.0034747

(Received 22 June 2024; revised 30 October 2024; accepted 3 December 2024; published online 27 December 2024)

[Editor: Klaus Lucke] Pages: 4279–4288

I. INTRODUCTION

Odontocetes, including porpoises, dolphins, and toothed

whales, have evolved a superior biosonar system to facilitate

their survival in aquatic environments (Au, 1993; Au and

Hastings, 2008). The biosonar system is a highly sophisti-

cated multiphasic medium consisting of solid, soft, and air-

filled structures (Norris, 1980; Rauschmann et al., 2006;

Cranford et al., 1996; Cranford et al., 2008a; Cranford

et al., 2008b). It demonstrates excellent echolocation perfor-

mance even under highly noisy and reverberant conditions

(Au and Snyder, 1980; Au, 1993; Martin et al., 2005), which

is partly attributed to well-developed sound transmission

and reception subsystems (Au and Moore, 1984; Au et al.,
1986; Aroyan, 2001; Zhang et al., 2017). Researchers have

dedicated efforts to understanding the mechanism of both

subsystems. However, studies on the sound transmission

system have outpaced those on the sound reception system.

In contrast to terrestrial mammals, odontocetes lack

pinnae and their external auditory canals are considered ves-

tigial (Ketten, 1992, 1997; Nummela et al., 2007). These

marine mammals have developed specific functional struc-

tures to replace the pinnae and external auditory canals,

enabling underwater sound reception. Their sound reception

involves a suite of anatomical structures including air

sinuses, mandibular fats, mandible, and bony ear complexes

(Cranford et al., 2008a; Cranford et al., 2008b; Cranford

et al., 2010). Increasing evidence suggests that these struc-

tures form various sound reception pathways, sending

sounds from water to the bony ear complexes (Norris, 1964,

1968; Cranford et al., 2008a; Song et al., 2018). A widely

accepted pathway is the “jaw hearing” pathway proposed by

Norris, where sounds entering from the external mandibular

fats traverse the posterior portion of the mandible, known as

the pan bone, and eventually travel along the internal man-

dibular fats to the bony ear complexes (Norris, 1964, 1968).

This concept has garnered support from a wealth of behav-

ioral, psychoacoustic, and numerical studies (Brill et al.,
1988; Au et al., 1998; Møhl et al., 1999; Aroyan, 2001;

Cranford et al., 2008a; Song et al., 2018). Over the last two

decades, researchers have proposed additional hypotheses to

explain odontocete sound reception, revealing different

pathways. Using a numerical model of Cuvier’s beaked

whales, Cranford et al. (2008a) found a “gular pathway”

where sounds enter the internal mandibular fats from the

medial portion of the mandible wall and reach the bony ear

complexes. Later on, Song et al. (2018) emphasized the

importance of the mandibular tip as an ingress for sounds
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into the sound reception system and proposed a “mandible-

fat” pathway based on the numerical simulations of finless

porpoises. This pathway suggests that sounds propagate

along the solid mandible and internal mandibular fats to

reach the bony ear complexes, potentially explaining the

high sensitivity of Beluga whales, Yangtze finless porpoises,

and Risso’s dolphins to acoustic stimulus at their rostrum tip

(Mooney et al., 2008; Mooney et al., 2014; Mooney et al.,
2015). Sound reception in odontocetes is complex and these

distinct pathways likely function at different directions and

frequencies, allowing for the simultaneous collection of

acoustic information from wide spatial and frequency scales

(Popov et al., 2016).

Sound propagation in these pathways relies on specific

anatomical structures. The external mandibular fats guide

sound into the sound reception system from water through

acoustic impedance matching, playing an important role in

the “jaw hearing” pathway (Norris, 1964, 1968; Varanasi

et al., 1975; Wei et al., 2015). The internal mandibular fats

function as a low-speed waveguide to direct sounds toward

the bony ear complexes (Brekhovskikh et al., 2003; Song

et al., 2021a; Ou et al., 2023). These mandibular fats also

increase the amplitude of sounds received from the front to

some extent (Aroyan, 2001; Song et al., 2023).

Additionally, the mandible serves to send sounds toward the

bony ear complexes via bone conduction, which is

particularly significant in the “mandible-fat” pathway (Song

et al., 2018). Recent studies suggest that reverberating

sounds within the solid mandible improve the accuracy of

source localization (Reinwald et al., 2018; Nooghabi et al.,
2021). While many studies have explored the acoustic func-

tion of the mandible, mandibular fat bodies, and bony ear

complexes, the air sinuses have received scant attention.

The air sinuses occupy a significant volume in the lower

head region of odontocetes (Houser et al., 2004; Cranford

et al., 2008b). These paired, air-filled structures primarily

comprise pterygoid and peribullary sinuses, surrounding the

superior, medial, and dorsal aspects of the bony ear com-

plexes (Aroyan, 2001; Rauschmann et al., 2006; Reidenberg

and Laitman, 2008). The air sinuses can provide sufficient

volume to fill the tympanic cavity, facilitating the efficient

operation of the ossicular chain (Fraser and Purves, 1960;

Nummela et al., 1999a; Nummela et al., 1999b; Hemil€a
et al., 2001). It is speculated that high hydrostatic pressure

compresses these sinuses and compromises sound reception.

If so, the volume of these sinuses potentially determines the

maximum dive depth of odontocetes (Cranford et al.,
2008b). Previous research suggests that the air sinuses

improve the forward sound reception directivity of common

dolphins (Aroyan, 2001). Additionally, the air sinuses may

serve as acoustic shields, insulating the bony ear complexes

from noises such as the echolocation clicks generated by the

FIG. 1. (Color online) (a) Biosonar and (b) sound reception system of the finless porpoise. (c) Biosonar model. (d) Numerical model, where PML represents

the perfectly matched layer.
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forehead (Houser et al., 2004). Air-filled structures are

integral to both the sound transmission and reception sys-

tems of odontocetes. It is well-established that in the sound

transmission system, air-filled structures including nasal

passage and air sacs can reflect sounds emitted by the pho-

nic lips to form forward directional beams (Wei et al.,
2016; Wei et al., 2018; Song et al., 2017). However, the

role of the air sinuses in sound reception remains largely

unknown.

In this study, we aimed to probe into the potential role

of the air sinuses in odontocete sound reception. To achieve

this objective, we used computed tomography (CT) scan-

ning to reconstruct the biosonar structures of a Yangtze fin-

less porpoise (Neophocaena asiaeorientalis asiaeorientalis)

and further developed a three-dimensional numerical model.

This model was employed to explore the sound reception of

this species and assess the impact of the air sinuses.

II. MATERIALS AND METHODS

A. CT scan and reconstruction

The animal subject of this study was a stranded and

deceased Yangtze finless porpoise. The day after its demise,

it underwent a CT scan at the Department of Radiology,

Zhongshan Hospital, Wuhan University (Wuhan, China). A

dual-source CT scanner, SOMATOM Definition (Munich,

Germany), was used for the scan with a resolution of 1 mm

at a power setting of 120 kV� 76 mA. The resulting CT

images were processed to reconstruct the biosonar structures

of the finless porpoise [Fig. 1(a)]. The sound transmission

system in the forehead primarily consisted of the melon,

theca (dense connective tissue), upper jaw, skull, nasal pas-

sage, and air sacs. The sound reception system in the lower

head included the air sinuses, mandibular fats, mandible,

and bony ear complexes [Fig. 1(b)]. The mandibular fats

were distributed both inside and outside the mandible. The

air sinuses surrounded the superior, medial, and dorsal

aspects of the bony ear complexes and extended anteriorly.

The biosonar structures of this species closely resembled

those of other odontocetes (Cranford et al., 2008b; Cranford

et al., 2010; Song et al., 2018).

B. Numerical modeling

The reconstructed structures were used to develop a

three-dimensional biosonar model [Fig. 1(c)]. The biosonar

model was placed in a spherical computational domain with

a radius of 0.15 m, of which the outermost layer was set as

the perfectly matched layer to eliminate reflection at the

domain boundary, simulating an open infinite domain

[Fig. 1(d)]. The numerical model accounted for acoustic-

structure coupling, treating bony structures as solid media

and the others as fluid media. The bony structures were

assigned a density of 2035 kg/m3, with longitudinal and

shear wave speeds of 3380 and 2200 m/s, respectively (Graf

et al., 2008; Song et al., 2021b). The density and longitudi-

nal wave speed for the theca and fatty structures were set as

1070 kg/m3 and 1720 m/s, and 940 kg/m3 and 1380 m/s,

respectively (Wei et al., 2015; Song et al., 2023). For the

air-filled structures, these values were 1.21 kg/m3 and

343 m/s. The domain outside the biosonar model was filled

with water, with a density of 998 kg/m3 and a sound speed

of 1483 m/s. To examine the impact of the air sinuses, we

established two model cases: (1) the “water-filled” case, in

which the air sinuses were replaced by water and (2) the

“air-filled” case, in which the air sinuses were still filled

with air.

A background pressure field emitted plane waves with

various incidence directions and a reference amplitude of

1 Pa. The incidence direction (h, u) was defined by the ele-

vation angle h and azimuth angle u [Fig. 2(a)]. The eleva-

tion and azimuth angles ranged from –90� to 90�and –180�

to 180�, respectively, with a step of 6�. The perfectly

matched layer was divided into hexahedral elements and the

remaining computational domain was divided into tetrahe-

dral elements, ensuring that the maximum element size was

less than one-fifth of the wavelength. The three-dimensional

simulations of the numerical model were performed using

COMSOL MULTIPHYSICS software (Stockholm, Sweden).

Following calculations, the sound pressure at the surface of

the tympanic bulla was averaged to determine the received

amplitude. These received amplitudes from all the incidence

directions were mapped onto a global projection to fully

visualize the sound reception directivity pattern [Fig. 2(b)].

FIG. 2. (Color online) (a) Schematic diagram of the incidence direction of plane waves. (b) Global projection.
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The directivity index (DI) describes the directivity of a

directional receiver compared to that of an omnidirectional

receiver and is expressed as (Accomando et al., 2020; Au

and Moore, 1984)

DI ¼ 10 log10

4pðp

�p

ðp=2

�p=2

bðh;uÞ cos hdhdu

2
64

3
75; (1)

where b(h,u) is the beam pattern. The DI was used to evalu-

ate the sound reception directivity of the finless porpoise.

However, the DI did not capture the asymmetry of the direc-

tivity pattern. Therefore, we introduced three additional

parameters to quantify sound reception asymmetry from

three axial directions. The first parameter is the front-to-

behind ratio (FBR), defined as the ratio of the power

received from the front to that received from the behind, cal-

culated using the formula

FBR ¼ 10 log10

ðp=2

�p=2

ðp=2

�p=2

bðh;uÞ cos hdhdu

ð�p=2

�p

ðp=2

�p=2

bðh;uÞ cos hdhduþ
ðp

p=2

ðp=2

�p=2

bðh;uÞ cos hdhdu

2
66664

3
77775: (2)

The second parameter, the ipsilateral-to-contralateral ratio

(ICR), quantifies the ratio of the power received from the

ipsilateral side to that received from the contralateral side

and is expressed as

ICR ¼ 10 log10

ðp

0

ðp=2

�p=2

bðh;uÞ cos hdhdu

ð0

�p

ðp=2

�p=2

bðh;uÞ cos hdhdu

2
66664

3
77775; (3)

ICR ¼ 10 log10

ð0

�p

ðp=2

�p=2

bðh;uÞ cos hdhdu

ðp

0

ðp=2

�p=2

bðh;uÞ cos hdhdu

2
66664

3
77775; (4)

where Eqs. (3) and (4) are applied to the left and right ears,

respectively. The third parameter, the top-to-bottom ratio

(TBR), quantifies the ratio of the power received from the

top to that received from the bottom and is expressed as

TBR ¼ 10 log10

ðp

�p

ðp=2

0

bðh;uÞ cos hdhdu
ðp

�p

ð0

�p=2

bðh;uÞ cos hdhdu

2
66664

3
77775: (5)

III. RESULTS

Sound pressure fields were analyzed for forward inci-

dence at 2, 8, 30, 50, and 90 kHz (Fig. 3). It was observed

that the mandibular fats played a significant role in amplify-

ing incident sounds and directing them towards the bony ear

complexes. The dense skull effectively blocked incident

sounds at its front, resulting in a region of low amplitude

behind it. Comparison between the two cases indicates that

the air sinuses attenuated the amplitude of the surrounding

acoustic field, with this attenuation being more pronounced

at lower frequencies.

The received amplitudes from the forward incidence

were analyzed across the frequency range from 1 to 100 kHz

(Fig. 4). In both cases, higher received amplitudes were

observed at high frequencies compared to low frequencies.

In the “air-filled” case, significant attenuation in received

amplitudes was noted below 30 kHz. The “air-filled” case

exhibited lower received amplitudes than the “water-filled”

case across the frequency range. The differences in received

amplitudes between the two cases were more pronounced at

low frequencies than at high frequencies.

The sound pressure fields of the air sinuses and bony

ear complexes were examined at 50 kHz with various inci-

dence directions (Fig. 5). In the “water-filled” case, the sur-

face of the air sinuses showed complex and non-zero sound

pressure distributions [Fig. 5(a)]. The amplitudes received

by the bony ear complexes did not reveal discernible regu-

larities in response to sounds incident from different direc-

tions. In contrast, the surface sound pressures of the air

sinuses consistently remained zero in the “air-filled” case

[Fig. 5(b)]. The bony ear complexes received sounds with

an amplitude of 8.61 dB higher from the front than from

behind. For laterally originating sounds, the received ampli-

tude was 4.72 dB greater from the ipsilateral aspect than the

contralateral aspect. Vertically, the bony ear complexes

exhibited a higher amplitude for sounds coming from the

bottom than the top, with a difference of 7.43 dB.

Monaural directivity patterns were analyzed at 2, 8, 30,

50, and 90 kHz (Fig. 6). Overall, the “water-filled” case

exhibited relatively weak monaural directivity across the

examined frequencies, with broad downward beams on the

same side of both ears [Fig. 6(a)]. However, at 8 kHz,

the directivity patterns showed complexity with unexpected

4282 J. Acoust. Soc. Am. 156 (6), December 2024 Ou et al.
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upward energy leakage in both ears. In the “air-filled” case,

the presence of air sinuses effectively mitigated this upward

energy leakage [Fig. 6(b)]. Shadowed regions indicating low

received amplitude expanded on the contralateral top aspect

of both ears. The air sinuses contributed to more focused

receiving beam patterns. As the frequency increased, the ori-

entation of the main beam shifted from the ipsilateral bot-

tom towards the front.

Sound reception directivity in both cases was estimated

using the DI (Fig. 7). The DIs displayed an increasing trend

with frequency in both cases. Across the frequency range

from 1 to 100 kHz, the DIs for the “water-filled” case and

“air-filled” case ranged from 0.23 to 4.12 dB and 0.35 to

5.64 dB, respectively. Overall, the “air-filled” case showed

higher DIs than the “water-filled” case, with greater differ-

ences at higher frequencies than lower ones.

Asymmetry in sound reception was quantified from

three axial directions using the FBR, TBR, and ICR (Fig. 8).

The FBRs and ICRs were higher in the “air-filled” case

compared to the “water-filled” case, whereas the “air-filled”

case exhibited lower TBRs than the “water-filled” case. In

the “air-filled” case, the FBR, ICR, and TBR ranged from

0.04 to 2.36 dB, 0.15 to 3.99 dB, and �2.65 to 0.27 dB,

respectively. The difference in the FBR, ICR, and TBR

between the two cases peaked at 30, 30, and 8 kHz, with

maximum values of 2.05, 2.78, and �2.38 dB, respectively.

On average across the examined frequency range, these dif-

ferences were 0.79, 1.61, and �0.70 dB, respectively. These

comparisons indicate that sound reception was more effec-

tive from the front, ipsilateral, and bottom aspects compared

to behind, contralateral, and top aspects, respectively. The

presence of air sinuses enhanced sound reception from the

front, ipsilateral, and bottom aspects while diminishing that

from behind, contralateral, and top aspects.

IV. DISCUSSION

Acoustic impedance, defined as the product of the den-

sity and sound speed of a medium, influences acoustic

reflection and refraction. From this perspective, the air

sinuses can serve as excellent sound-reflective boundaries

due to their significantly lower acoustic impedance com-

pared to surrounding tissues (Cranford et al., 2008b;

Reidenberg and Laitman, 2008). This notion was strongly

supported by our acoustic field results, where antiphase

sounds reflected by the air sinuses nearly completely coun-

teracted incident sounds, resulting in zero sound pressure on

their surface (Fig. 5). Our results further demonstrated that

the air sinuses effectively isolated sounds entering the bony

ear complexes from behind, contralateral, and top aspects.

This acoustic isolation was clearly observed in the expanded

shadowed regions corresponding to contralateral and top

FIG. 3. (Color online) Sound pressure fields for forward incidence (h¼ 0, u¼ 0) in the (a) “water-filled” case and (b) “air-filled” case. The color bars repre-

sent sound pressure amplitude where values greater than 0 dB indicate amplification and values less than 0 dB indicate attenuation of the incident sounds.

FIG. 4. (Color online) Comparison of the received amplitudes from the for-

ward incidence in both cases.
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incidences (Fig. 6), aligning with previous research

(Aroyan, 2001). Additionally, the air sinuses contributed to

enhancing the sound reception directivity of the finless por-

poise (Fig. 7), consistent with observations in common dol-

phins (Aroyan, 2001). This consistency suggests a similar

functional role of the air sinuses in sound reception across

odontocetes. Au and Moore (1984) reported receiving DIs

of bottlenose dolphins as 10.4, 15.3, and 20.6 dB at 30, 60,

and 120 kHz, respectively, significantly higher than those

estimated in this study. This difference is partly attributed to

the different methods used for DI estimation. Au and Moore

(1984) measured only half (180� range) of the directivity

patterns in the horizontal and vertical planes, and estimated

the DI based solely on the frontal hemispheric pattern. This

may lead to an overestimation compared to a full-spheric DI

estimation. Moreover, bottlenose dolphins exhibit higher

DIs than harbor porpoises despite using similar estimation

methods (Kastelein et al., 2005; Popov et al., 2006;

Accomando et al., 2020). This suggests that size and ana-

tomical variations in the sound reception systems among

odontocetes may also contribute to the observed difference.

Specifically, porpoises have smaller heads and shorter man-

dibles than dolphins, which probably influences sound

reception. Our estimated DIs for Yangtze finless porpoises

follow a similar trend to those of harbor porpoises below

60 kHz; however, a notable difference emerges at higher fre-

quencies, likely due to the absence of the inner ear in our

model.

As the frequency increases, the most sensitive azimuth

angle of bottlenose dolphins approaches the midline from

the side (Popov et al., 2006). This frequency-dependent

change in the most sensitive azimuth angle is highly similar

to the shift in the azimuth angle of the main beam in this

study (Fig. 6). In addition, the elevation angle of the main

beam shifted from the bottom to the front with increasing

frequency. Significantly, the air sinuses played a role in

focusing the main beam and enhancing the frequency-

dependent shift of the beam angle (Fig. 6). These findings

suggest that the finless porpoise better received low-

frequency sounds at the lateral bottom and high-frequency

FIG. 5. (Color online) Ventral view of sound pressure fields of the air sinuses and bony ear complexes in the (a) “water-filled” case and (b) “air-filled” case,

where 50 kHz sounds were incident from six distinct directions as depicted in Fig. 2. The color bars indicate normalized sound pressure amplitude.
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sounds at the front. This conclusion is consistent with previ-

ous experimental results from the same species, which iden-

tified the meatus as the most sensitive position for low

frequency (8 kHz), and the front head and the mandibular fat

pad for high frequencies (54 and 120 kHz) (Mooney et al.,
2013). The frequency-dependent directivity shift likely

resulted from different sound reception pathways operating

at different frequencies and incidence directions (Popov

et al., 2016). The forward directivity observed at high fre-

quencies can improve the signal-to-noise ratio of echoes,

thereby facilitating biosonar echolocation (Au, 1993).

However, the function of the lateral downward directivity at

low frequencies remains unclear. For dolphins that use low-

frequency whistles to communicate, frequency-dependent

receiving directivity may cause the relative levels of funda-

mental and harmonic frequencies of whistles to vary with

incidence direction, aiding in determining the whistler’s

directionality (Lammers and Au, 2003). In contrast, finless

porpoises do not appear to produce whistles. One possible

function of the lateral directivity is to receive low-frequency

cues from ambient soundscapes, facilitating self-orientation

(Mooney et al., 2013). Additionally, it may facilitate the

passive search for soniferous prey before using active echo-

location, thereby improving predation efficiency (Gannon

et al., 2005; Cheng et al., 2023).

Our results reveal that the received amplitude from the

forward incidence peaked at 50 kHz and decreased notably

below this frequency (Fig. 4), which is similar to evoked

potential studies indicating a V-shaped audiogram with the

best sensitivity at 54 kHz in Yangtze finless porpoises

(Popov et al., 2005; Popov et al., 2011). The presence of the

air sinuses would attenuate the received amplitude by creat-

ing antiphase sounds that partly counteracted incident

sounds, particularly noticeable at lower frequencies (Fig. 3).

These findings suggest that the air sinuses may be an impor-

tant factor in the relatively high auditory threshold observed

in finless porpoises at low frequencies.

Experimental studies have indicated that odontocete

sound reception exhibits asymmetry (Accomando et al.,
2020; Au and Moore, 1984; Kastelein et al., 2005; Popov

et al., 2006). This study provided similar results that the fin-

less porpoise better received sounds from the front, ipsilat-

eral, and bottom aspects (Figs. 5 and 8). Popov et al. (2006)

FIG. 6. (Color online) Monaural directivity patterns in the (a) “water-filled” case and (b) “air-filled” case. The color bars indicate normalized sound pressure

amplitude.

FIG. 7. (Color online) Comparison of the DIs in both cases. The dashed

lines represent the trend lines.
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found that the monaural hearing thresholds of bottlenose

dolphins are consistently lower at the ipsilateral aspect than

the contralateral aspect, aligning with our results [Figs. 5(b)

and 8(b)]. These results demonstrate a horizontally asym-

metric head-related transfer function (HRTF), which not

only improves the accuracy of sound localization through

significant interaural level difference (ILD) but also effec-

tively resolves the left-right localization ambiguity resulting

from the absence of binaural differences in the mid-sagittal

plane (Branstetter and Mercado, 2006; Krysl and Cranford,

2016; Reinwald et al., 2018; Nooghabi et al., 2021). In addi-

tion, the marked amplitude difference between the top and

bottom aspects underscores vertical asymmetry in the HRTF

[Figs. 5(b) and 8(c)]. Similar vertical differences have been

observed in other species adept at acoustically localizing

prey, such as owls and bats, which can enhance sound local-

ization in the vertical plane (Coles and Guppy, 1988; Jen

and Chen, 1988; Fuzessery, 1996; De Koning et al., 2020).

More importantly, our findings highlighted the significant

role of the air sinuses in enhancing asymmetric sound recep-

tion (Fig. 8).

The subject of the CT scan in this study was a recently

deceased specimen. Nonetheless, prior research has demon-

strated the reliability of numerical modeling based on CT

data from deceased specimens (Mckenna et al., 2007;

Cranford et al., 2014; Wei et al., 2023). Mckenna et al.
(2007) reported no significant postmortem changes in the

geometry, density, and sound speed of anatomical structures

in bottlenose dolphins, indicating that deceased specimens

can reliably approximate living specimens. However, their

measurements did not include the air sinuses, which may

collapse after death, potentially reducing sound reception

directivity and asymmetry. Additionally, the air sinuses are

pervasive in nearly all odontocetes and occupy a relatively

larger volume in deep-diving species (Cranford et al.,
2008b; Reidenberg and Laitman, 2008). These animals may

possess the ability to manipulate their air sinus volume

through lung airflow controlled by the palatopharyngeal

sphincter (Ridgway et al., 1980; Houser et al., 2004).

Therefore, it is essential to further investigate whether the

deformation of the air sinuses influences sound reception

capability and how odontocetes adjust this capability by reg-

ulating these sinuses. One possible limitation was that this

study focused only on the sound reception process from the

far field to the middle ears, excluding consideration of the

inner ears due to the resolution limitation of the CT scan.

Future research with higher-resolution models could explore

the inner ears more comprehensively, providing deeper

insights into the sound reception mechanisms of

odontocetes.

V. CONCLUSIONS

In this study, we developed a numerical model using

CT data from a Yangtze finless porpoise to investigate the

potential impact of the air sinuses on sound reception. Our

findings demonstrated that these sinuses contributed to

enhancing sound reception directivity. Moreover, these

sinuses effectively provided acoustic isolation for the bony

ear complexes from behind, contralateral, and top aspects,

thereby improving sound reception asymmetry dominated

from the front, ipsilateral, and bottom aspects. The enhanced

sound reception directivity and asymmetry by the air sinuses

have the potential to improve the effectiveness of biosonar

echolocation. These results offer valuable insights into

odontocete sound reception and the role of the air sinuses.
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