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The auditory ossicles—malleus, incus and stapes—are the smallest bones in

mammalian bodies and enable stable sound transmission to the inner ear.

Sperm whales are one of the deepest diving aquatic mammals that produce

and perceive sounds with extreme loudness greater than 180 dB and

frequencies higher than 30 kHz. Therefore, it is of major interest to decipher

the microstructural basis for these unparalleled hearing abilities. Using a

suite of high-resolution imaging techniques, we reveal that auditory ossicles

of sperm whales are highly functional, featuring an ultra-high matrix miner-

alization that is higher than their teeth. On a micro-morphological and

cellular level, this was associated with osteonal structures and osteocyte

lacunar occlusions through calcified nanospherites (i.e. micropetrosis),

while the bones were characterized by a higher hardness compared to a ver-

tebral bone of the same animals as well as to human auditory ossicles. We

propose that the ultra-high mineralization facilitates the unique hearing abil-

ity of sperm whales. High matrix mineralization represents an evolutionary

conserved or convergent adaptation to middle ear sound transmission.
1. Background
The middle ear’s major function is to amplify sound vibrations before entering the

fluid-filled cochlea. Terrestrial mammals have to overcome large acoustic impe-

dance differences between air (low acoustic impedance) and inner ear fluid

(high acoustic impedance), which are partly compensated by a tympanic mem-

brane and sound transmission via the auditory ossicles. Impedance differences

are reversed and in general much smaller in aquatic mammals such as whales

[1] and the tympanic membrane is therefore not needed for hearing purposes

[2]. Instead, whales have a highly mineralized tympanoperiotic complex contain-

ing the middle ear [1]. While being firmly fixed to the skull in baleen whales

(mysticetes) [3,4], the tympanoperiotic complex is acoustically isolated from the

skull to hinder direct osseous sound transmission in toothed whales (odontocetes)

[3]. In toothed whales, the sound reaches the mandibular wall and is guided

through the mandibular fat pad to the lateral tympanic bone (i.e. the tympanic

plate) causing it to vibrate [1,5]. While low frequencies are also transmitted via

head regions close to the external auditory meatus (skull vibrations), the mandib-

ular ‘sound route’ is especially suited for high-frequency hearing (pressure load)

[1]. This vibration caused by higher frequencies is achieved because of a high
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impedance mismatch between the mandibular fat pad and the

tympanic bone as well as the thinness of the tympanic plate [5].

The sound is then transmitted to the auditory ossicles; malleus,

incus and stapes that have been found to be of dense compact

bone [3,6]. A high mineralization of bone was found to be of

major importance for sound perception as supported by an

86% mineralization of the tympanic bulla with an impressively

high Young’s modulus [7,8] resulting from mineralization and

causing high impedance (a rough approximation of the impe-

dance in case of a wave hitting a material in orthogonal

direction can be written by the following equation: Z ¼
ffiffiffiffiffiffiffiffiffi
r � E
p

;

where Z¼ impedance, r¼ density of a material and E¼
Young’s modulus of a material referring to [7]).

Sperm whales (Physeter macrocephalus, Linnaeus, 1758) are

one of the deepest diving toothed whales that produce

sounds with extreme loudness greater than 180 dB re 1 mPa,

have exceptional frequency discrimination abilities and an

estimated best hearing sensitivity from 0.1 to 30 kHz with fre-

quencies of 2–4 and 10–16 kHz close to maximum energy

[9,10]. In general, hearing frequencies in whales may go up

to 120 kHz and more [2,10]. The high-frequency hearing of

toothed whale (odontocete) species has been found to be limited

by the bone mass of the auditory ossicles [11].

In humans, the auditory ossicles show signs of premature

bone ageing including high bone matrix mineralization,

osteocyte death and low bone remodelling [12,13], which is

most probably needed for stable sound transmission

throughout life. Compositional changes of auditory ossicles

through specific gene mutations have been linked to conduc-

tive hearing loss in mice [14,15]. Therefore, the in-depth

characterization of the auditory ossicles of mammals with excep-

tional hearing abilities and potential unique compositional

features (i.e. sperm whales) is of major interest.

We have extracted the auditory ossicles of three sperm

whales and performed a multiscale, high-resolution skeletal

analysis in order to uncover the in-depth ossicular mor-

phology and bone quality of one of the potentially hardest

bone materials that is seen among the animal kingdom.

Our results may provide further insights into the function of

the whale’s middle ear especially in relation to high-frequency

hearing associated with echolocation.
2. Material and methods
(a) Specimens
The auditory ossicles were taken from three sperm whales of 12, 13

and 15 years of age [16,17]. All specimens were transferred with

special documentation of no commercial or trading interests accord-

ing to the environmental authority of Schleswig-Holstein (Germany)

and approved by the Institute for Terrestrial and Aquatic Wildlife

Research (ITAW) on behalf of the Schleswig-Holstein Wadden

Sea National Park.

(b) High-resolution quantitative computed tomography
and radiography

The tympanoperiotic complex of the sperm whales was scanned via

high-resolution quantitative computed tomography (HR-pQCT)

(Xtreme-CTw, Scanco Medical, Bruettisellen, Switzerland) at

60 kV/900 mA and a resolution of 82 mm as described previously

[18]. Subsequently, the auditory ossicles were prepared and scanned

using a digital radiography device at 45 kV for 5 s (Faxitron X-ray,

Illinois, USA).
(c) Micro-computed tomography
To assess the gross morphology of all three auditory ossicles, they

were isolated from the tympanoperiotic complex for micro-

computed tomography (m-CT) analysis using a water-cooled

diamond band saw (Exakt, Norderstedt, Germany). m-CT scanning

was performed using a m-CT42 (Scanco Medical AG, Brüttisellen,

Switzerland) at 40 kV/114 mA with a voxel size of 10 mm as

described [19]. Bone/tissue mineral density (TMD, mgHA cm23)

was evaluated using the SCANCO MICRO-CT software.

For comparison, we have analysed the bones of human iliac

crest and murine vertebral bones (wild-type C57BL/6 mice) as

well as sperm whale vertebral bone regarding the bone mineral

density (BMD) using bone specimens from previous studies

and our archive [16,20] (n � 3 per group). Furthermore, the

teeth of humans, mice and the same sperm whales were analysed

(n ¼ 3). Dentin and enamel were evaluated separately. Three

incus specimens of three human relatively age-matched donors

(age 21, 22, 23 years) were included from a previous study

[13]. Lastly, the ossicles of wild-type mice were analysed (n ¼ 3).

(d) Bone preparation, histology and quantitative
backscattered electron microscopy

The m-CT scanned ossicles were fixed in 3.7% phosphate buffered

saline buffered formaldehyde for 7 days, dehydrated in an ascend-

ing ethanol series and embedded in a methylmethacrylate-based

resin (Heraeus Kulzer, Technovit 7200 VLC, Wehrheim im

Taunus, Germany). Subsequently, specimens were ground to

100 mm, and stained with toluidine blue [21]. Quantitative back-

scattered electron imaging (qBEI) was performed to assess the

bone mineral density distribution (BMDD) as previously described

[22–24]. Embedded incus and vertebral body specimens were

polished and carbon coated for qBEI analyses. The scanning

electron microscope (LEO 435 VP, LEO Electron Microscopy Ltd.,

Cambridge, England) was operated at 20 kV and 680 pA at a

constant working distance of 20 mm (BSE Detector, Type 202,

K.E. Developments Ltd., Cambridge, England). The grey values

of the backscattered signal intensities correlate with the calcium

content (weight-%) of bone [25]. The following parameters were

evaluated using a custom-made MATLAB routine: mean calcium con-

centration (CaMean, wt%), most frequent calcium concentration

(CaPeak, wt%) and standard deviation of the calcium distribution

(CaWidth, wt%). The acquired images were thresholded using

IMAGEJ software (IMAGEJ, 1.49v, National Institutes of Health,

USA - imagej.nih.gov/ij/) and the osteocyte number (N.Ot/B.Ar,

1 mm22) and lacunar area (Lc.Ar, mm2) were calculated from the

images (200x magnification).

(e) Fourier-transform infrared spectroscopy
The incus samples (sperm whale and human) and vertebral body

samples (sperm whale) were repolished after qBEI imaging to

ensure no sputtering material to be on the surface. A Spotlight 400

System (PerkinElmer, Waltham, MA, USA) attached to a Frontier

Spectroscope (PerkinElmer, Waltham, MA, USA) was used to

measure the spectral maps. Attenuated total reflectance (ATR)

mode was used and the crystal surface was placed to the surface

of the bone specimens. After ensuring sufficient contact of the crystal

to the surfaces, a scan of 64� 64 pixels per specimen was conducted

(pixel size ¼ 6.25 mm, 12 scans per pixel). Automatic background

subtraction was done using the distributers’ software SPECTRUMIMAGE

(R.1.8.0.0410, PerkinElmer, Whattham, USA). After completing all

scans automatic ATR correction and atmospheric correction was

done using the same software. Further processing of the spectral

maps was done on a customized MATLAB (The MathWorks Inc.,

Natick, MA, USA) routine. Automated polymethylmethacrylate

(PMMA) weighting and subtraction was integrated. To calculate

the mineral to matrix ratio (MMR), the phosphate peak
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Figure 1. Overview of auditory ossicles in sperm whales and their ultra-high matrix mineralization among species. (a) 3D reconstruction of the tympano-periotic
complex (T-P) using HR-pQCT. All specimens were obtained from the right side. (b) Virtual cut section identifies the auditory ossicles. (c) Contact radiography of the
three ossicles. The red line indicates the plane where the malleus was separated from the tympanic bone. (d ) 3D reconstructions of the malleus, incus and stapes
using m-CT to reveal highly intact and congruent joint surfaces of the ossicles. (e) An extensive comparative approach regarding the mineral density of different
tissues showing the significantly higher mineralization of sperm whale auditory ossicles compared to their own vertebral bone and teeth as well as to bone and
dentin of humans and mice. *p , 0.05.
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(1154–900 cm21) was integrated and the area under the curve

(AUC) was divided by the AUC of the integrated amide I peak

(1710–1600 cm21). This calculation was performed in the same

manner for the vertebral bodies, the human incus and the whale

incus specimens. Additionally, the carbonate-to-phosphate ratio

(CPR) was calculated integrating the carbonate peak (890–

850 cm21) and dividing the AUC by the AUC of the phosphate

peak. AUC has been calculated with one base-point for each peak

at the lower of the two limits of each interval to ensure high sensi-

tivity. Mean values were calculated for each map and averaged

for each group and stated with standard deviation.

( f ) Nano-indentation
Nano-indentation was carried out on an Agilent Nano Indenter

G200 system (Agilent Technologies, Santa Clara, CA, USA)

using a Berkovich tip. The specimens were polished and sub-

sequently mounted on a platform with resin. The surface was
approached at a speed of 10 nm s21. Depth limit was set to

2000 nm and strain rate target was 0.05 s21. Sixteen indents

were placed in three standardized regions of each ossicle. In

vertebral trabecular bone, eight indents were performed in two

different trabeculae. Indents were subsequently imaged by elec-

tron microscopy (backscattered mode) to exclude the indents

that hit PMMA. All valid indents per specimen were averaged

calculating the mean hardness and Young’s modulus (GPa).

(g) Statistical analysis
Statistical analysis was done using SPSS 22 (IBM, New York, USA).

If comparing more than two groups an ANOVAwas performed with

Bonferroni as the post hoc test. Groups were not checked for a normal

distribution for imaging methods owing to a sample size of three

per group. For nano-indentation, a non-parametric Kruskal–Wallis

test was used to examine significant differences using the adjusted

significance owing to a non-normal distribution of the indents.
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3. Results
(a) Auditory ossicles of sperm whales are functional

and highly mineralized compared to mineralized
tissues of humans and mice

The auditory ossicles were located in the centre of the tympano-

periotic complex as typically found in odontocete ears

(figure 1a,b). While the incus and stapes could be separated

without further sectioning, the malleus was cut from the thin

tympanic lamella (figure 1c). m-CT revealed that the three

ossicles had perfectly congruent articular surfaces (figure 1d).

BMD of the whale’s incus was 1708+21 mgHA cm23,

indicating that the overall mineralization of these bones was

significantly higher than their own vertebral bone as well as

trabecular bone of humans and mice (figure 1e). Furthermore,

the ossicles of sperm whales were also more highly mineralized

than ossicles of humans and mice (both incus specimens). While

tooth enamel of humans and mice was more highly minera-

lized, dentin was lower mineralized than the ossicles of

sperm whales (figure 1e). We found that the overall mineraliz-

ation of sperm whale teeth (enamel and dentin cannot be

differentiated) was even lower than that of the auditory ossicles

of the same animals (figure 1e).
(b) The ultra-high matrix mineralization is accompanied
by nanospherite occlusions in osteocyte lacunae

Mineralization analysis using qBEI pointed to very high and

homogeneous grey levels indicating an ultra-high matrix
mineralization around 35 wt% and no significant differences

between the three ossicles (figure 2a–c). When comparing

the micro-morphological BMDD curves of sperm whale

ossicles with their vertebrae as well as with auditory ossicles

of humans, we detected a higher mineralized bone with a

narrower mineralization distribution curve (i.e. lower hetero-

geneity) (figure 2d ). Further imaging revealed an osteonal

structure of all ossicles, which is typically found in cortical

bone (figure 3a). While there was no significant difference

in the osteocyte lacunar number between the three ossicles,

the stapes featured significantly larger osteocyte lacunae

(figure 3b,c). Detailed investigation of the osteocyte lacunae

revealed a high number of osteocyte lacunae that were

either completely mineralized or that showed an accumu-

lation of calcified nanospherites (figure 3d ). The number of

mineralized lacunae per bone area was higher in the malleus

and incus when compared with the stapes as well as when

compared with human ossicles [13] (figure 3e). In the histo-

logical analysis of the ground sections, we identified

various osteocyte lacunae with cell nuclei (indicating viable

bone) and a connection of osteocytes via canaliculi with a

different morphology than typically seen in humans or

mice (i.e. branched morphology).
(c) The peculiar mineralization pattern leads to
extremely high hardness

Fourier-transform infrared spectroscopy (FTIR) analysis

revealed further detailed bone quality characteristics regard-

ing the MMR (i.e. the amount of mineral per amount of
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collagen) and the CPR (i.e. the mineral age) (figure 4a,b).

The MMR and CPR values were calculated from the

spectra (figure 4c). MMR was 3.9 times higher in whale

ossicles compared to human ossicles (27.78+0.28 versus

7.17+ 1.04, p , 0.001). Furthermore, the vertebral trabecular

bone of the same whales featured an MMR that was

5.31 times lower in the sperm whales than their ossicular

bone (27.78+ 0.28 versus 5.27+ 1.04, p , 0. 001)

(figure 4d ). CPR calculations showed a significantly

higher ratio in whale ossicles compared to human ossicles

(0.01513+ 0.00091 versus 0.01067+ 0.00067, p , 0.001).

Compared to the vertebral bodies, the CPR was 1.85

times higher in the sperm whale ossicles ( p , 0.001,

figure 4e).

Nano-indentation was performed to determine the hard-

ness of the whale ossicles. Indents were imaged by electron

microscopy to confirm their localization within the bone

(figure 5a). The analyses revealed that the sperm whale

incus had a significantly higher Young’s modulus than

both whale vertebra and human incus (figure 5b). Further-

more, the bone was significantly harder compared to the

vertebral bone as well when compared with human incus

(figure 5c).
(d) The stapes of sperm whales is distinctly shaped
When investigating the stapes of sperm whales, we found that

both crura were filled with osteonal bone as opposed to the

stapes of humans and mice (figure 6a). Additional length

measurements revealed that the stapes length was significantly

lower to that of humans and mice in relation to body length and

skull width (figure 6b,c), which indicates a possible negative

allometric relationship between these parameters among the

species. It has to be noted that skull width is most probably a

better parameter for interpreting these relationships, given

that sperm whales have an extremely large body length since

their whole tail (caudal vertebrae) is included (although the

tail was also included in length measurements in mice).
4. Discussion
In this study, we have demonstrated the unparalleled compo-

sitional aspects of a sperm whale’s auditory ossicles that

facilitate high sound pressure and high-frequency hearing by

transmitting the auditory signal from the tympanic plate to

the oval window. More specifically, a functional hyperminera-

lization of ossicles is present and might represent an adaptation
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to the greatly different function of ossicles compared to other

parts of the skeleton, where not only hardness and stiffness is

needed but also toughness to dissipate energy [26]. The very

high mineralization, going in hand with relatively low collagen

content may reduce damping and increase stiffness with

respect to the high-frequency hearing of the whale. It is interest-

ing to note that the ossicles were even more highly mineralized

than their teeth. This phenomenon is not present in humans or

mice, where teeth (i.e. enamel) are more highly mineralized
than the ossicles. Nonetheless, the high matrix mineralization

of auditory ossicles compared to other bones is also present

in humans or mice indicating evolutionary conservation or

convergence. We have shown that in human ossicles there is

a rapid increase in mineralization during the first years of life

[13]. There is also no evidence for relevant postnatal growth

of the cochlear structures or ear ossicles with individual

shapes [13,17]. This suggests a very early adaptation of the

ossicular bone to its function, which persists throughout life.
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The high matrix mineralization was suggested to be crucial

for optimal sound transmission throughout life [13]; however,

the molecular mechanisms resulting in this high mineralization

are unknown.

Early studies on whale tympanic bone [7,27] have shown a

high mineralization and hardness in the tympanic bones, rais-

ing questions about material properties, composition and

mineralization of sperm whale ossicles in relation to its fre-

quency range of hearing as well as deep diving. Our analyses

revealed equal mineralization of all three bones of the ossicular

chain and an extraordinarily high mineralization of the ossicu-

lar bones compared to human auditory ossicles and the same

whales’ vertebral bodies as well as teeth. These results are in

line with results found in other whale species [6] and the high

mineralization of the connected tympanic bone. The functional

hypermineralization of the ossicles is especially noteworthy in

comparison with the vertebral bodies, which are loaded
structures of the whale with a need for toughness and deform-

ability. In ossicles, a high mineralization is needed to reduce

an impedance mismatch, which also exists between water and

normally mineralized bone [7]. As previously stated, structures

in the proximity such as the tympanic bones are hyperminera-

lized as well to reduce the acoustic impedance mismatch [2,7]

suggesting a local mechanism at the region of the ear to be

responsible for the hypermineralization.

Mineralization and mechanical function of bone is linked to

the osteocytic environment within the bone, e.g. through

secretion of osteocyte-specific proteins such as fibroblast

growth factor 23 or sclerostin. Here, we found a similar density

of osteocytes in all three ossicles, yet a significantly higher lacu-

nar area in the stapes. Importantly, we detected a very high

number of hypermineralized (micropetrotic) osteocyte lacunae

in the malleus and incus. This phenomenon was previously

detected in aged human bone (femur) [28,29] as well as in

human auditory ossicles [13] and seems to go along with a

high mineralization of the remaining bone matrix. FTIR analysis

revealed almost a four times higher MMR of the whale ossicles

(in this case the incus was used) compared to human ossicles

and five times higher MMR compared to the same animal’s

vertebral bone, indicating a local mechanism of hyperminerali-

zation. The increased MMR is clearly linked to an increased

mineral content with respect to the collagen content, confirming

the results of the qBEI analysis. Yet comparing the results from

qBEI with those from FTIR analysis, the almost fourfold

increase in the MMR via FTIR compared to a lesser increase

of mineralization via qBEI can partially be explained by a

decreased collagen content in the ossicles. Regarding the CPR,

no difference of vertebral bone and human incus was found;

however, a significantly higher CPR was detected in the

sperm whale’s incus. CPR in bone is linked to the mineral age

of bone and increases with age by substituting phosphate

with carbonate [30]. However, since phosphorous represents a

limited factor in aquatic animals as opposed to sufficient

calcium in salt water [31], a high CPR can also be the result of

low phosphate. Thus we hypothesize the very high CPR in

the ossicles of the sperm whale to be owing to an accelerated

mineralization at a very young age of the sperm whale to

gain a sufficient hearing competence despite limited access

to phosphorous.

Compositional differences of bone are reflected by their

mechanical behaviour, thus we performed nano-indentation

to test for changes linked to compositional differences. We

found a 2.45 times higher Young’s modulus and three

times harder bone in the sperm whale incus compared to

human incus as well as significantly lower values for the ver-

tebral bones of the sperm whale. These results clearly suggest

the meaning of the hypermineralization and low collagen

content of ossicles bone compared to the vertebral body.

Several attempts have been performed to model the ear of

the whale as well as to study the sound perception in whales

[2,32,33]. Furthermore, middle ear parameters were studied

for understanding impedance matching and high-frequency

hearing [6,34]. A harder and stiffer bone exhibits a shift

towards higher natural-frequencies (v, as derived from the

second derivative of the equation of motion of a simplified

body spring system, v ¼
ffiffiffiffiffiffiffiffiffi
c=m

p
; v ¼ natural frequency, c ¼

spring constant, thus stiffness of the material, linked to

Young’s modulus and mineral content, m ¼mass of a body

excited depending on the size). Because the larger scaled ossi-

cles of sperm whales (when compared with other mammals)
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would shift the natural frequencies towards lower values, the

increased mineralization of ossicles may compensate this

potential natural-frequency shift [6] to avoid interference

with the hearing range frequencies and thereby preserving

excellent hearing. More specifically, the increased Young’s

modulus of the ossicles owing to higher mineralization

increases the spring constant c, shifting v towards higher

values. This promotes the ideally lossless transmittance of

vibrations from the tympanic bone to the oval window and

is of paramount importance to the sperm whale because its

hearing frequencies reach well above 30 kHz.

In conclusion, we have demonstrated that sperm whale

ossicles are functionally hypermineralized bones that exhibit

a higher mineralization than the ossicles of other species as

well as markedly higher mineralization than their own

teeth and vertebral bodies. High mineral and low collagen

content render a stiffer and harder material being most suit-

able to transmit high-frequency sounds through the middle

ear. The high mineralization is linked to a high number of

hypermineralized osteocyte lacunae. Our results underline

the association between high matrix mineralization and hear-

ing capacities, which seem to be an evolutionary conserved

or convergent phenomenon.
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