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The lack of baleen whale (Cetacea Mysticeti) audiograms impedes the assessment of the impacts of
anthropogenic noise on these animals. Estimates of audiograms, which are difficult to obtain behav-
iorally or electrophysiologically for baleen whales, can be made by simulating the audiogram as a
series of components representing the outer, middle, and inner ear (Rosowski, 1991; Ruggero and
Temchin, 2002). The middle-ear portion of the system can be represented by the middle-ear transfer
function (METF), a measure of the transmission of acoustic energy from the external ear to the
cochlea. An anatomically accurate finite element model of the minke whale (Balaenoptera acutor-
ostrata) middle ear was developed to predict the METF for a mysticete species. The elastic moduli
of the auditory ossicles were measured by using nanoindentation. Other mechanical properties were
estimated from experimental stiffness measurements or from published values. The METF pre-
dicted a best frequency range between approximately 30 Hz and 7.5 kHz or between 100 Hz and
25 kHz depending on stimulation location. Parametric analysis found that the most sensitive param-
eters are the elastic moduli of the glove finger and joints and the Rayleigh damping stiffness coeffi-

cient f. The predicted hearing range matches well with the vocalization range.
© 2012 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4756950]

PACS number(s): 43.64.Bt, 43.64.Ha, 43.64.Yp, 43.80.Lb [KG]

. INTRODUCTION

In order to assess the impact of anthropogenic noise on
cetaceans, it is important to know their auditory thresholds
as a function of frequency. Knowledge of hearing ranges for
baleen whales, suborder Mysticeti, are particularly incom-
plete. There is some information on the spectra of sounds
that these animals emit; for example, the minke whale emits
sounds which range from 50 Hz to 9.4 kHz (Gedamke et al.,
2001). Vocalizations, however, do not provide enough infor-
mation to evaluate hearing because many animals can hear
beyond their vocalization frequencies (Ketten, 2002). Audio-
grams are available for numerous toothed whale (suborder
Odontoceti) species. Mysticetes, however, are generally
larger, more elusive, and not easily trainable, making it diffi-
cult to measure audiograms through behavioral or electro-
physiological methods.

PPortions of this work were presented in “Biomechanical analysis of hear-
ing in whales using nanoindentation and the finite element method,” 11th
International Workshop for the Mechanics of Hearing, Williamstown, MA,
July, 2011.
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The ear can be thought of as a series of components
which together determine the audiogram. An acoustic
power-flow model was developed as a method of breaking
down the auditory system into three components: one for the
external ear, one for the middle ear, and one for the inner ear
(Rosowski, 1991; Miller et al., 2006). An audiogram cap-
tures the total effect from all three components. The middle
ear is hypothesized to play a role in shaping the low to mid-
dle frequency regions of the audiogram (Ruggero and Tem-
chin, 2002). The middle-ear transfer function (METF), in
conjunction with cochlear properties and the sound pressure
transformation occurring in the outer ear, can provide a more
complete estimate of the audiogram.

Biologically realistic finite element (FE) models of the
middle ear have been developed for terrestrial mammalian
species (Wada et al., 1990; Ladak and Funnell, 1996;
Prendergast et al., 1999; Koike et al., 2002; Gan et al., 2004;
Elkhouri et al., 2006; Homma et al., 2009) and can be used
to predict the METF. FE models have an advantage over
other modeling approaches because they directly incorporate
the geometry and material properties of the structures of
interest.

Cetacean ears are similar in many characteristics to the
ears of terrestrial mammals. There are, however, some nota-
ble anatomical differences. The outer ear of cetaceans is
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reduced and there is no external pinna (Ketten, 2000). The
prototypical mammalian middle ear contains three ossicles,
the malleus, incus, and stapes, housed inside a bony middle-
ear cavity and connected with supporting ligaments and ten-
dons. In cetaceans, the short process of the malleus is fused
to the tympanic bone. In mysticetes, a “glove finger,” a hol-
low, everted fibrous structure, projects into the external audi-
tory meatus of the outer ear. While the glove finger is
homologous to the tympanic membrane typically seen in ter-
restrial mammalian ears (Fraser and Purves, 1954), its func-
tion is currently unknown. Additionally, mysticetes have
enlarged middle-ear cavities with ossicles that are massive
and loosely joined, a characteristic of a low-frequency ear
(Ketten, 1994). The tympano-periotic bulla housing the mid-
dle ear in cetaceans is not a closed system as in terrestrial
mammals, but rather open along its entire length on the
medial side (Fleischer, 1978). The inner ear of cetaceans
mainly differs in proportions, but is otherwise fundamentally
the same as that of terrestrial mammals (Ketten, 2000).

The anatomical differences between aquatic and terres-
trial mammals imply differences in sound transmission. In
odontocetes, specialized perimandibular fat bodies that ulti-
mately connect to the thin region of the tympanic bone are
thought to play a role in sound transmission to the bulla
(Norris, 1964; Cranford et al., 2010). While sound reception
mechanisms in mysticetes are unknown, recent work by
Yamato et al. (2012) showed that there is fat body that con-
tacts the thin region of the tympanic bone in mysticetes as
well. A sound pathway to the cochlea for any cetacean spe-
cies remains to be experimentally demonstrated.

The purpose of this study was to develop a detailed, ana-
tomically accurate FE model of the middle ear of the minke
whale (Balaenoptera acutorostrata) as a first step toward
predicting the METF. The METF was estimated by meas-
uring the frequency range of best transmission through the
middle ear model given an applied pressure at two potential
input locations: the tip of the glove finger and the thin region
of the tympanic bone where the specialized fats abut.

Il. FINITE ELEMENT MODEL
A. Anatomical reconstruction

A right minke ear complex (intact tympano-periotic bulla)
was obtained from an animal which died through net entangle-
ment. Post-mortem ear extraction was performed under a per-
mit for scientific research on cetacean tissues issued to one of
the authors (D.R.K.) and according to procedures described in
Yamato et al. (2012). The ear was scanned using a Volume
Zoom Spiral Computerized Tomography Scanner (Siemens
AG, Munich) with ultra-high bone and mid soft tissue kernels.
Images were reformatted at 0.1 mm isotropic voxels as well as
0.2 x 0.2 x 0.5 mm voxels. The ear was scanned at the grosser
resolution and fixed in formalin 6 days after death, and
rescanned 33 days after initial fixation at the finer resolution.
Both raw and DICOM images were archived.

The software program Amira (Mercury Computer Sys-
tems, Chelmsford, MA) was used to segment structures of in-
terest in the DICOM image stack. The materials segmented in
Amira included the malleus, incus, stapes, tympanic bone,
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incudomalleolar joint, incudostapedial joint, annular ligament,
and glove finger. The three-dimensional geometry was gener-
ated from the segmentation and artifacts were removed using
Maya (Autodesk Inc., San Rafael, CA). The soft tissues in the
reconstruction were within 15% of their respective volumes
in the scans. The stapedius tendon, tensor tympani tendon,
and posterior incudal ligament (collectively referred to here
as the suspensory structures) were not reliably imaged in the
scans because of their postmortem changes and inability to be
distinguished from other soft tissue. These soft tissues were
modeled instead in Maya as cylindrical (stapedius and tensor
tympani tendons) or cuboidal (posterior incudal ligament)
shaped. Ligament/tendon orientation and resting length from
ossicle to respective attachment or recess into the periotic
bone were determined during dissection. Their lengths were:
stapedius tendon, 7.5 mm; tensor tympani tendon, 16.3 mm;
posterior incudal ligament, 1.3 mm. The final reconstruction
consisted of 4415 triangular elements and is shown in Fig. 1.

B. FE analysis

FE analysis of the middle ear model was performed
using COMSOL Multiphysics (COMSOL Inc., Stockholm)
to determine its frequency response. Modal analysis was also
performed to determine its natural frequencies and the result-
ing deformations (i.e., its modes). The model was further
meshed into 37 542 tetrahedral elements using COMSOL’s
free mesher. The tympanic bone, glove finger, and suspen-
sory structures were assigned a relatively coarse mesh size
compared to the finer mesh size of the ossicles, joints, and
annular ligament. The model was solved within the software.

C. Material properties

All components were modeled as homogeneous, iso-
tropic, and linear for simplicity. Parametric analysis was per-
formed to analyze the importance of uncertain parameters on
the transfer function.

1. Bone elastic modulus

The elastic modulus of the minke whale ossicles was
measured using nanoindentation with a TriboIndenter (Hysi-
tron, Eden Prairie, MN). This equipment uses the Oliver-
Pharr method to determine the reduced modulus of a sample
via the unloading portion of a force-displacement curve
(Oliver and Pharr, 1992). The reduced modulus E,. is related
to the elastic modulus using the relation

1 (1= (11—}
E~ E + E (D

where E and v are the elastic modulus and Poisson’s ratio of
the specimen, respectively, and E; and v; are the elastic mod-
ulus and Poisson’s ratio of the indenter, respectively. A Ber-
kovich tip was used for indentation, with E; equal to 1140
GPa and v; equal to 0.07 (Oliver and Pharr, 1992). A value
of 0.3 was used for v (see Rho et al., 1997). Indents were
performed on a minke whale incus. The sample was mounted
on a magnetic specimen disc with epoxy. After the epoxy

Tubelli et al.: Minke whale middle-ear transfer function

Downloaded 25 Sep 2013 to 128.128.57.24. Redistribution subject to ASA license or copyright; see http://asadl.org/terms



Tip of glove finger

Fat Region

Connection to
periotic bone

Malleus

tendon Incus

Incudostapedial  joint
joint

Incudomalleolar
joint Stapes

Annular ligament

cured, the sample was cut level with a tile saw and polished
using silicon carbide abrasive paper and lapping compounds
of progressively finer grit (400, 600, 900, 1200, 3000). The
interior region of the bone was indented. A load of 6 mN
was applied at a rate of 100 uN/s. The corresponding inden-
tation depth for the incus was approximately 400 nm. Indents
were calibrated on fused quartz. All bone was assumed to be
isotropic and equal in elastic modulus value for FE analysis.
The bones are likely inhomogeneous, although the effects of
inhomogeneity were not explored in this study.

An average elastic modulus value of 29.7 = 8.63 GPa
was obtained for the incus. This was lower than the value of
approximately 40 GPa obtained by Zioupos et al. (2005) for
the fin whale (Balaenoptera physalus) tympanic bulla via
nanoindentation, although similar to three-point bending
tests on the fin whale tympanic bulla which gave an elastic
modulus value of 31.1 GPa (Currey, 1978).

2. Soft tissue elastic modulus

The elastic moduli of the soft tissues of the cetacean ear
are not currently known. The glove finger elastic modulus
was based on values used for the pars flaccida in other
middle-ear FE studies since the glove finger is most similar
in structure to the pars flaccida (Fraser and Purves, 1954).
The base value (defined as the default model value used
before parametric analysis) was the average of the values
used by Homma et al. (2009) and Elkhouri et al. (2006):
7 MPa and 20 MPa, respectively. These two numbers served
as the low and high values for parametric analysis.
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FIG. 1. Model geometry. (a) Lateral
view, the labels show boundary con-
ditions; (b) ventral view; (c) medial
view minus tympanic bone; and (d)
dorsal view minus tympanic bone
and glove finger.
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Measurements of middle ear mechanical stiffness were
used to determine the elastic moduli of the remaining soft
tissues. The middle-ear reverse stiffness of two minke ears
was measured using the same equipment and methods as
described in Miller et al. (2006). Reverse stiffness is defined
as the force required to drive the stapes footplate for a given
displacement. Reverse stiffness is used since the stapes foot-
plate is known to be the termination of the middle ear,
whereas the location of the input to the middle ear in ceta-
ceans is less certain.

Two right minke whale tympano-periotic bullae were
extracted from the heads of two different specimens and
immersed in phosphate-buffered normal saline solution. The
cause of death for Specimen 1 is unknown; Specimen 2 was
found entangled in fishing gear. The ears were refrigerated at
4°C rather than frozen to maintain preservation since the
formation of ice crystals during the freezing process can
damage tissue. Measurements were made three days after
animal death in both specimens.

The cochlear vestibule was carefully opened with a den-
tal drill to expose the stapes footplate. The ear was then
mounted on a force probe apparatus as described in Miller
et al. (2006). Stiffness was measured as the force required to
displace the stapes in and out of the annular ligament. Piston-
like motion was assumed. To keep the measurement physio-
logically relevant, the displacement of the stapes was kept as
small as possible at less than 3 um. The incus joints were
damaged during extraction of one minke ear, allowing mea-
surement of the intact ossicular chain on only one ear. Disar-
ticulated middle ear stiffness is defined here as the stiffness of
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the stapes supported only by the annular ligament and stape-
dius muscle. Disarticulated middle ear stiffness was measured
on both ears. Both intact and disarticulated reverse stiffness
were measured in three trials for Specimen 1 and disarticu-
lated reverse stiffness was measured in two trials for Speci-
men 2.

FE models of both intact and disarticulated ears were
developed to compare stiffness results. Pressure was applied
to the footplate of the stapes; all other boundary conditions
and material properties were the same as described above.
The disarticulated model only included the stapes, annular
ligament, and stapedius tendon geometries. Stiffness was
calculated as the input pressure times the area of footplate
displacement divided by the displacement at the center of
the stapes footplate. The disarticulated middle ear model
was used to find a combination of annular ligament and sta-
pedius tendon elastic moduli which produced a comparable
stiffness to experimental results. The remaining soft tissues
were assumed to have a model stiffness equal to that of the
stapedius tendon. The intact middle ear model was used to
verify these choices by comparing model and experimental
intact stiffness.

Figure 2 shows a typical example of the results obtained
from reverse stiffness measurement. Figures 2(a) and 2(b)
show the magnitude and phase, respectively. Figure 2(c)
plots the total harmonic distortion (THD), the ratio of the
root mean square of the signal harmonic power to the root
mean square power of the total signal. THD is large when
the probe is in partial contact due to tapping of the probe on
the footplate. THD decreases and asymptotes as the probe
comes into full contact with the stapes footplate. Stiffness
was determined as the point on the magnitude plot where,
simultaneously, the THD curves for an advancing and
retracting probe converged and the phase was stable. This
point corresponds to full contact with the stapes while the
stapes is still at rest position. Since stiffness changes very

K magnitude
(N/mm)

K phase
degrees)
o

~-100

o
i

THD (%)

0.001L

Probe position (um)

FIG. 2. A typical middle-ear reverse stiffness (K) measurement. Solid lines
represent advancement of the probe toward the stapes footplate and dotted
lines represent retraction of the probe from the stapes footplate. (a) Magni-
tude, (b) phase, and (c) THD are plotted as a function of probe position.
This plot shows the results from the first trial for an intact ear in Specimen 1
(stiffness = 0.104 N/mm).
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TABLE I. Experimental and model results for the reverse middle-ear stiff-
ness of the intact and disarticulated ear. Intact data for minke whale Speci-
men 2 is unavailable. Only two trials for disarticulated stiffness for
Specimen 2 were performed.

Stiffness (N/mm)

Experiment
Specimen 1 Specimen 2 Model
Intact Trial 1 104
Trial 2 79 - 94.89
Trial 3 83.4
Disarticulated Trial 1 8.5 14

Trial 2 8.2 13.5 11.71
Trial 3 8.3 -

little after the probe gains full contact with the stapes foot-
plate, measurements were assumed to be in the linear range.

The reverse stiffness values obtained for each trial for
both minke specimens are listed in Table I. Model stiffness
results are listed alongside the experimental values. The av-
erage stiffness on Specimen 1 when disarticulated was
8.33N/mm. Specimen 2 had an average disarticulated
reverse stiffness of 13.75 N/mm. The average between the
two species was 11.04 N/mm. Model elastic moduli values
of 9 x 10°Pa and 1 x 10" Pa for the annular ligament and
stapedius tendon, respectively, produced a model stiffness
that was within 1% of the average disarticulated stiffness.
Intact model stiffness is within 7% of the average intact
reverse stiffness for Specimen 1 (88.8 N/mm).

Elastic moduli were varied by one order of magnitude
lower and higher for parametric analysis with the exception
of the high value for the incudomalleolar joint. The incudo-
malleolar joint is typically assumed to be rigid in other
middle-ear FE models. Evidence of differential motion
between the malleus and incus (Willi et al., 2002) suggests
that the joint is more compliant; therefore, the high value of
elastic modulus used for parametric analysis of the incudo-
malleolar joint was that of the surrounding bone to determine
whether a rigid connection can be reasonably assumed.

3. Density

The density of all three ossicles has been previously
measured by Nummela et al. (1999) for six mysticete species
(Balaenoptera borealis, Balaenoptera physalus, Balaenop-
tera musculus, Megaptera novaeangliae, Eubalaena glacia-
lis, and Balaena mysticetus). Since the values do not change
significantly between any of the species, an average value
for each ossicle was used for each respective ossicle in the
minke whale model. The tympanic bone was assumed to
have the same density as the malleus. These values of den-
sity were within 8% of the density calculated from the mass
of available minke whale ossicles and the volume of the
reconstructed ossicles.

There are no values available for the density of cetacean
soft tissues of the middle ear. The values of soft tissue den-
sities were instead taken from human values, which are
assumed to have similar properties as other mammalian soft
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TABLE II. Elastic modulus and density of all model components.

Component Elastic modulus (N/m?) Density (kg/m®)
Tympanic bone 2.97 x 10" 2.35% 103"
Malleus 2.97 x 10" 2.35x 10°*
Incus 2.97 x 10" 2.39 x 10°*
Stapes 2.97 % 10" 2.32%10°*
Glove finger 1.35 % 107 120 x 10°®
Annular ligament 9.00 x 10° 1.20 x 10°°
Tensor tympani tendon 1.00 x 107 1.20 % 10°°
Stapedius tendon 1.00 x 107 1.20 x 10*¢
Posterior incudal ligament 1.00 x 107 1.20 x 10*¢
Incudostapedial joint 1.00 x 107 1.20 x 10*¢
Incudomalleolar joint 1.00 x 107 120 x 10°¢

“Nummela et al. (1999).
"Wada et al. (1990).
‘Homma et al. (2009).

tissues. The value of density for the glove finger was that of
the tympanic membrane measured by Wada er al. (1990).
The values of all other soft tissues that were used for the
minke whale middle-ear model were taken from Homma
et al. (2009). All density values of the model components
are listed in Table II.

4. Poisson’s ratio

The value of Poisson’s ratio used for bone was 0.3, a
common value seen in middle-ear FE models. The soft tis-
sues were modeled as nearly incompressible with Poisson’s
ratio set to 0.45.

5. Damping

The effect of the cochlear load was modeled by using
damping in the form of a pressure on the stapes footplate. The
pressure was calculated as the cochlear damping constant
times velocity of the stapes footplate divided by footplate
area. Of the mammals with available cochlear input imped-
ance measurements, the minke whale has a cross-sectional
area that is closest to human. A cochlear damping constant of
0.217Ns/m was calculated assuming a constant cochlear
input impedance of 21.1 GQ and stapes footplate area meas-
ured by Aibara et al. (2001). The effect of cochlear damping
on the model was determined with parametric analysis, using
0.059Ns/m as the low value calculated from Puria (2003),
and 0.891 N s/m as the high value used by Koike e al. (2002).

Rayleigh damping, an estimate of damping in complex
vibrating systems, was also applied to the entire middle-ear
structure. The equation to calculate the system damping ma-
trix [C] is given by

[C] = a[M] + BIK] )

where [M] and [K] represent the mass and stiffness matrices
of the system, respectively, and o and f are damping coeffi-
cients. The values used were x=0s"' and f=1x10"s,
which were on the order used in other publications (e.g., Gan
et al., 2004; Koike et al., 2002; Prendergast et al., 1999).
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While « did not change across most sources, f§ was variable.
The effects of decreasing damping parameter 5 by one and
two orders of magnitude were determined using parametric
analysis.

D. Boundary conditions

The fluid of the cochlea is driven mechanically by means
of the stapes footplate pushing in and out of the oval window.
In order for this to occur, there must be differential motion
between the periotic bone and the stapes, or effectively the
entire ossicular chain. The boundary conditions were chosen
to reflect this. The edges of the soft tissues located distally
from the ossicles were fixed. The edges of the tympanic bone
at the two bony processes where it connects to the periotic
bone were also given a fixed boundary condition.

The magnitude of pressure is arbitrary since the model is
linear. The value was nevertheless chosen so that stapes foot-
plate displacements for the model were on the same order as
those from experiments described in Sec. I C 2. Pressure was
applied normal to the surface at two potential sound input
locations, each with their own assumptions regarding how
sound enters the middle ear. The “glove finger” model (GFM)
is stimulated by applying a normal force to the elements
that make up the tip of the glove finger, an area of about
160 mm?. This model assumes that the glove finger has
retained its function as a tympanic membrane in the minke
whale. The “tympanic bone” model (TBM) is stimulated by
applying a normal force to the elements in the thin region of
the tympanic bone, an area of 41.2 mm?, where the specialized
fats of the mysticetes abut. The TBM assumes that mysticete
tympanic bones possess a sound input mechanism somewhat
similar to that of odontocetes. Both areas of input can be seen
in Fig. 1. The effects of a larger and smaller area of each loca-
tion on the METF were also considered. The glove finger
region was varied from 79.6 mm? to 280 mm?. The tympanic

bone region was varied from 6.6 mm?” to 77.8 mm?>.

E. Transfer function

The transfer function was computed as the velocity at
the center of the stapes footplate in the direction perpendicu-
lar to the footplate divided by the input pressure and
expressed in units of nm/Pas.

lll. RESULTS
A. METF

The METFs obtained for the GFM and TBM are shown
in Fig. 3. The model is more sensitive to stimulation at the
glove finger than at the tympanic bone for frequencies below
4 kHz. At higher frequencies, the GFM METF attenuates
sharply and the TBM METF has a greater magnitude.

The GFM METF shows many strong resonances at the
middle frequencies (0.1-5kHz) as determined by modal
analysis. Pronounced peaks in the transfer function at around
180 Hz, 250Hz, 460 Hz, and 750 Hz correspond to modes
dominated by the glove finger. The mode at 250 Hz is char-
acterized by stretching of the glove finger principally in the
posterolateral direction, i.e., along its length; all other modes

Tubelli et al.: Minke whale middle-ear transfer function 3267

Downloaded 25 Sep 2013 to 128.128.57.24. Redistribution subject to ASA license or copyright; see http://asadl.org/terms



10000 -~
m :

© 1000} -
100

-
-~ o

Magnitude (nm/Pa
o

Vocalization Range | % 3

0.001  0.01 10

0.1 1
Frequency (kHz)

FIG. 3. Middle-ear transfer functions for the GFM and TBM. Circles indi-
cate the —40 dB bandwidth for the GFM, squares indicate the —40 dB band-
width for the TBM. Vocalization range is based on findings from Gedamke
et al. (2001).

also involve stretching of the glove finger in various direc-
tions, some component of which is along its length.
Resonances in the tympanic bone dominate two modes: one
around 330 Hz and one around 800 Hz. The mode shapes are
characterized by rocking of the whole tympanic bone about
the two processes connecting to the periotic bone. These two
modes correspond to peaks in the METF for the TBM.

B. Parametric analysis

Parametric analysis was performed only on those param-
eters that were considered uncertain. Physiological ranges
were used for each parameter when known, as described in
methods.

The GFM is sensitive to the elastic modulus of the glove
finger, shown in Fig. 4(a). An increase in the glove finger
elastic modulus shifts the mid- and high-frequency peaks to
higher frequencies. The high-frequency slope is subsequently
shifted, slightly increasing bandwidth. A decrease in glove
finger elastic modulus has the opposite effect. In either case,
the low-frequency slope remains unaffected. The elastic

modulus of the glove finger did not significantly affect the
TBM METF when varied an order of magnitude greater or
less than the base value.

The annular ligament affects the METF primarily in
magnitude. The response of the TBM and GFM METFs to
change in the annular ligament elastic modulus are quantita-
tively similar. A parameter value one order of magnitude
greater shifts the METF lower in magnitude by about 6 dB
across low and middle frequencies, less at frequencies beyond
5 kHz. When the annular ligament elastic modulus is reduced
by one order of magnitude, the GFM METF shifts higher by
approximately 1 dB, less at frequencies beyond 3.5 kHz.

Changes in the incudomalleolar joint elastic modulus
have the greatest effect at high frequencies, starting around
4 kHz. Since the GFM METF drops off sharply and sooner
than the TBM METF, a greater effect is seen for the TBM,
as shown in Fig. 4(b). A lower value produces a steeper
high-frequency slope and vice versa. The METF decreases
up to 20dB at 100kHz for a decreased elastic modulus and
increases 30 dB for an increased elastic modulus (i.e., when
the elastic modulus was equal to that of bone). Low and mid-
dle frequencies showed only slight change, shifting in mag-
nitude by 3 dB or less.

The response of the METF to changes in the incudosta-
pedial joint elastic modulus is qualitatively similar to the
response observed when changing the incudomalleolar joint
elastic modulus. The METF decreases by approximately
20dB at 100kHz for a decreased elastic modulus and
increases up to 18 dB for an increased elastic modulus. The
low and middle frequencies only shifted by 3 dB or less.

The elastic moduli of the suspensory structures do not
significantly affect the METF for either model when varied
an order of magnitude greater or less than the base value.
Changes in the cochlear damping coefficient within the
range of physiological values also produce a negligible
effect on the METF for either model.
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FIG. 4. METF parametric analysis. The parameters that are shown are (a) elastic modulus of the glove finger, GFM, (b) elastic modulus of the incudomalleolar
joint, TBM, (c) Rayleigh damping stiffness coefficient f, GFM, and (d) 5, TBM.
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Changing f affects the shape of the METF at frequen-
cies beyond the low-frequency slope for both the GFM,
shown in Fig. 4(c), and TBM, shown in Fig. 4(d). Increasing
p reduces the slope of the high frequency roll-off thus
extending the bandwidth. The magnitude also decreases
while simultaneously producing a smoother METF with
fewer peaks and troughs.

The size of the input area while maintaining a constant
pressure, i.e., changing the force, also affects the transfer
function magnitude. The TBM shows an approximate 1:1
proportional change in METF magnitude to the change in
input area. Increasing the GFM input area to 280 mm? (an
increase of 75%) shifted the METF higher by 3 dB up to its
high-frequency drop-off at 10 kHz with no significant
change in bandwidth. Decreasing the GFM input area to
79.6 mm?> (a decrease of 50%) shifted the METF lower by
5dB up to its high-frequency drop-off.

IV. DISCUSSION

The range of best frequencies predicted by the model
was chosen based on the —40dB bandwidth in order to pro-
vide a range of frequencies fit for comparison to the vocaliza-
tion frequency range. MATLAB (MathWorks, Natick, MA)
was used to smooth the METF curve (smooth function, rlow-
ess filter, span of 0.2) in order to calculate the maximum value
to serve as a reference to the —40 dB bandwidth. The range of
best frequencies for the GFM is approximately 30Hz to
7.5kHz. The TBM has a best frequency range of approxi-
mately 100 Hz to 25 kHz. In comparison, the vocalization fre-
quencies of the minke whale measured by Gedamke et al.
(2001) were between 50 Hz and 9.4 kHz. Nearly all of these
vocalization frequencies fall within the —40 dB bandwidth of
the GFM METF,; additionally, the METF for the GFM has a
higher magnitude at most of these frequencies than does that
of the TBM.

The low-frequency slope of the METF predicted by the
minke whale middle-ear model is 20dB/decade. Cetacean
audiograms typically have a low-frequency slope of 40 dB/
decade (Wartzok and Ketten, 1999). If the middle ear is mod-
eled as a simple mass-spring system, a low-frequency slope
of 20 dB/decade is expected for a system dominated by a sin-
gle spring component. In the case of the model, the spring is
represented by the middle-ear stiffness, comprised primarily
of the stiffness of the annular ligament and the bony connec-
tion between the malleus and the tympanic bone for cetaceans
(Fleischer, 1978; Miller et al., 2006). The extra 20 dB/decade
is likely to be caused in part by the loss of pressure difference
at low frequencies across the sensing surface as a result of
having an open auditory bulla. Due to its medial opening, the
tympano-periotic bulla may act as a pressure gradient micro-
phone (as described by Beranek, 1954), in which the pressure
difference across the glove finger or tympanic bone would be
equal to the pressure difference between the input location
and the open side of the bulla.

The effect of the helicotrema, an opening at the apex of
the cochlea between the scala vestibuli and the scala tympani,
is also expected to increase the low-frequency slope. At low
frequencies, the helicotrema functions as an acoustic shunt.
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The cochlear input impedance is strongly affected at these fre-
quencies. This, in turn, affects the low-frequency cut-off,
which is inversely proportional to the square of the radius of
the helicotrema (Dallos, 1970). The dimensions of the helico-
trema in the minke whale are unknown.

The high frequency limit of the audiogram is more likely
to be governed by the upper frequency limit determined by
the stiffness and dimensions of the basilar membrane (von
Békésy, 1960). Even if the METF predicts good high-
frequency hearing in these animals, these frequencies will not
be detected by the animal if there is no corresponding spot to
receive such signals along the length of the cochlea. In order
to further estimate an audiogram, more information about the
mechanics of the basilar membrane must be known.

The response of the GFM to changes in the glove finger
elastic modulus is similar to that of changing the tympanic
membrane elastic modulus in humans. According to Gan
et al. (2004), reducing the elastic modulus of the tympanic
membrane by one order of magnitude caused the response
peak to shift lower in frequency, and the high frequency
response was reduced. The opposite is true for increasing the
tympanic membrane elastic modulus. The GFM model
reacted in a similar way at frequencies greater than 100 Hz.
The results from Gan et al. (2004) only go as low as 200 Hz,
so lower frequencies cannot be compared. The lack of
change in response at lower frequencies is likely an effect of
the structure of the glove finger. Unlike the conically shaped
tympanic membrane supported around its circumference, the
glove finger consists of a tube suspended around the middle
of its length with a ligament-like connection to the malleus.

Decreases in the joint elastic moduli shifted the transfer
function lower in magnitude and decreased the bandwidth.
This change is likely caused by the decrease in efficiency
when the bones are decoupled as a result from increasing the
compliance of the connections. The opposite is true of the an-
nular ligament: increased compliance improves efficiency,
although slightly. This is likely because the main source of
stiffness is the bony connection between the malleus and tym-
panic bone. Also, the high-frequency response is affected
when the elastic moduli of the joints are changed. Changing
the incudomalleolar joint stiffness by one order of magnitude
can change the high-frequency response by as much as 30 dB.
These results suggest that it may not necessarily be a reasona-
ble assumption to model the incudomalleolar joint as rigid.

Cochlear damping had an insignificant effect on the
transfer function. Gan et al. (2004) showed that by removing
the cochlear load, the resulting stapes displacements were
higher at frequencies greater than 1 kHz. Rather than remov-
ing the cochlear damping, we varied the cochlear damping
constant between 0.059 Ns/m and 0.891 Ns/m. While the
results are in agreement that frequencies above 1 kHz are
affected, the change was not as large and the results from
those changes were not significant.

The linear effect of changing the input area on the TBM
METF was expected since the additional input area is approx-
imately planar with the original input area. The glove finger
did not respond with a 1:1 ratio of parameter change to
METF magnitude change. This is likely because the tip of the
glove finger is not planar. Additional input area means force
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must be applied along the length of the glove finger until the
force is essentially perpendicular to the normal vector of the
tip, an inefficient direction for propagation of motion.

To the limited extent that our interpretation of the trans-
fer function can predict a sound transmission pathway into the
middle ear, it appears that each input gives a distinct response:
the glove finger is a more efficient pathway for lower frequen-
cies and the thin region of the tympanic bone is a more effi-
cient pathway for higher frequencies. Even with comparable
force at each location (constant pressure and areas at the glove
finger and tympanic bone input locations of 77.8 mm?® and
79.6 mm?, respectively), the glove finger provides a greater
stapes velocity at lower frequencies. Since the GFM METF
also matches up well with vocalization frequencies, if the
properties of the middle ear are as predicted, the glove finger
is more favorable as the primary input location of sound to
the middle ear. If the thin region of the tympanic bulla were
functional for sound reception as well, it would likely be a
secondary input better suited for higher frequencies.

We can use the model results to compare stapes motion
at threshold of the minke whale middle-ear model to experi-
mental data from terrestrial mammals. Assuming the glove
finger is the input to the model, the peak of the METF occurs
around 2kHz when smoothed (MATLAB smooth function,
rlowess filter, span of 0.2). The hearing threshold in water
for the minke whale is assumed to be similar to odontocete
thresholds, about 70dB re 1 yPa at 2kHz for the bottlenose
dolphin and killer whale (Johnson, 1968; Szymanski et al.,
1999). Alternatively, it is likely that the minke whale thresh-
old is near the ambient noise level. At 2kHz for a smooth
sea, no wind, the ambient spectral density is about 45 dB re
1 ,uPaz/Hz (Kibblewhite and Jones, 1976). To convert to a
threshold pressure we must have an estimate of the critical
bandwidth or critical ratio. These values are not available for
the minke whale so the critical ratio (20 dB at 2kHz) for the
beluga whale was used (Johnson et al., 1989). This leads to a
predicted threshold of 65dB re 1 pPa, a value similar to the
measured odontocete thresholds. Using 70dB re 1 uPa for
the minke threshold leads to a calculated stapes velocity of
10 nm/s, which is similar to the velocity calculated at thresh-
old for other mammals (Table III).

There are some important caveats in the model. First,
the model uses a mechanical stimulus rather than an acoustic
one. While the acoustic stimulus can be modeled as a me-
chanical input, the properties of the tissues surrounding the
tympano-periotic complex must be known to approximate
the correct mechanical counterpart.

Second, the boundary conditions of the model are sim-
plified. For example, the external auditory meatus in mysti-
cetes is not air-filled and unobstructed as in terrestrial
mammals: mysticetes have a plug composed of layered cho-
lesterol and keratinized epithelium between the glove finger
and the external auditory meatus (Purves, 1955). It remains
to be determined whether this plug has any impact on hear-
ing, but its properties should be reflected in the pressure
applied to the glove finger. Also, the glove finger is almost
entirely surrounded by bone along its length except for its
ventral anterior surface (Yamato et al., 2012). These condi-
tions were not explored in the present model.
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TABLE III. Stapes motion calculated for four terrestrial species compared to
predicted motion for the minke whale middle-ear model. Footplate areas
were used to convert units for gerbil, chinchilla, and cat; footplate areas for
human and minke whale are listed for comparison. The calculated velocities
are those at threshold and at the best frequency of the METTF for each species.

METF Footplate Stapes
magnitude area Threshold velocity
peak (mmz) (dB) (nm/s)

Gerbil 0.2 mm*/Pas® 0.62>  2.68re20uPa°  8.79
Chinchilla 0.5 mm?*/Pas® 2.0¢ 5 re 20 pPa® 8.9
Cat 0.2 mm*/Pas* 1.26" 0 re 20 yuPa® 3.18
Human 0.3 mm/Pas" 3.2! —6.5re20uPa) 2.84
Minke whale 3.2 x 107> mm/Pas 11.8 70 re 1 uPa®! 10
“Rosowski (1994).
°Lay (1972).
“Ryan (1976).

9Ruggero et al. (1990).
“Heffner and Heffner (1991).
{Guinan and Peake (1967).
#Heffner and Heffner (1985).
"Aibara et al. (2001).

"Wever and Lawrence (1954).
SO 389-7 (1996).

XJohnson (1968).

1Szymanski et al. (1999).

The TBM model assumes that mysticete tympanic bones
possess a sound input system somewhat similar to that of
odontocetes. Indeed, the ear fats described in Yamato et al.
(2012) come into contact with the region of the tympanic
bone that was perturbed in our model. However, the ear fats
also insert into the tympano-periotic complex and contact
the ossicles in the minke whale. This has not been described
for odontocetes and was not reflected in our model.

Finally, our analysis relies on the hypothesis that the audio-
gram can be assembled from components: one for the external
ear, one for the middle ear, and one for the cochlea (Rosowski,
1991; Ruggero and Temchin, 2002). Assuming that the middle
ear component is defined by the transfer function, the model
results will give some indication of the range of frequencies
that can be heard by the whale. Theoretically, the METF is
good for estimating the low to middle frequency regions of the
audiogram. The cochlear input impedance may also be an im-
portant factor in determining the low-frequency limit of the
audiogram (Ruggero and Temchin, 2002). The model showed
very little sensitivity to changes in the cochlear input imped-
ance, although this parameter was simplified for the model.

The results of the model indicate that many anthropogenic
noise sources operate at similar frequencies to those heard by the
minke whale. Shipping traffic is a primary source of noise in the
ocean between 50 and 500 Hz (Urick, 1983). Noise generated by
seismic airgun arrays also has an effect at lower frequencies up
to 300 Hz with source levels up to 255dB re 1 pPa. At higher
frequencies, military sonar (1-10 kHz) can produce source levels
greater than 210dB re 1 uPa (Nowacek et al., 2007).

V. CONCLUSIONS

Audiograms of mysticetes are needed to understand
how these species may be affected by anthropogenic noise.
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The METF of the minke whale can be used as part of a first
attempt to estimate the frequency range that can be heard for
this species. In this study, an anatomically accurate model of
the minke whale middle ear was created, incorporating both
bone and soft tissues. The resulting METF displays a best
frequency range for the minke whale of between approxi-
mately 30 Hz and 7.5 kHz when stimulated at the glove fin-
ger, and between approximately 100 Hz and 25kHz when
stimulated at the thin region of the tympanic bone. Paramet-
ric analysis was conducted to determine which material
properties, most of which are unknown for mysticete tissues,
have the greatest effect on the METF. The parameters with
the greatest influence on the METF and the frequencies that
are most sensitive are glove finger elastic modulus
(>100Hz), annular ligament elastic modulus (<3.5kHz),
incudomalleolar joint elastic modulus (>4 kHz), incudosta-
pedial joint elastic modulus (>4kHz), and f (>100Hz).
Future research involving material property measurements
should be combined with the results of this study in order to
obtain a more refined model assessment of whale hearing.
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