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Background: The architecture of human otoconia has been only
poorly understood up to now. Currently, it is assumed that otoconia
contain a central core surrounded by a shell.

Objectives: To investigate the inner structure of human otoconia.
Methods: Human otoconia were investigated by environmental
scanning electron microscopy (ESEM). The diffraction behavior
was analyzed using X-ray techniques (XRD). Focused ion beam
(FIB) slices of otoconia were investigated by transmission
electron microscopy (TEM). The results were correlated with
observations on degenerate human otoconia and decalcification
experiments using ethylenediaminetetraacetic acid (EDTA).
Artificial otoconia (calcite-gelatine and calcite-gelatine/agarose
composites) were investigated in the same way and compared
with human otoconia.

Results: Human otoconia represent highly mosaic-controlled
calcite-based nanocomposites. The inner structure is composed

of 3 + 3 branches with an ordered arrangement of nanocomposite
particles and parallel orientation of fibrils. The surrounding belly
is less ordered and appears more porous. Degenerate otoconia
show a successive dissolution of the belly region exposing to the
inner structure (branches) in later stages of degeneration. Arti-
ficial otoconia reveal identical chemical, crystallographic and
morphologic patterns. They are, however, larger in size.
Conclusion: Human otoconia show an inner architecture consisting
of'aless dense belly region and 3 + 3 more dense branches meeting at
a central point (center of symmetry). The differences in volume
densities and the resulting solubility may play a role in BPPV.
Artificial otoconia may serve as a model for further investigations.
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vestibular evoked myogenic potential—Ocular vestibular evoked
myogenic potential—Otoconia—Otolith organs—Saccule—Utricle.
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Otoconia represent essential functional components of
the otolith organs located on top of the sensory epithelium of
the utricle and the saccule (1). Because of their inertial mass,
otoconia provide the mechanical stimulus, which leads to a
deflection of vestibular hair cells to enable the otolith sys-
tem to detect linear accelerations and head tilts relative to
the gravity vector, which is the reference in space (2).

Up to now, there have been various investigations on the
composition, diffraction behavior and architecture of
human otoconia; however, there are significant discrepan-
cies in the interpretation of the inner structure (3—13). The
current common assumption is that otoconia are composed
of a central core surrounded by an outer shell (11-13).

The aim of this study was to definitely resolve the inner
structure of human otoconia. Starting from investigations
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on the outer shape and chemical composition, we used a
precise cutting procedure (focused ion beam, FIB) to fi-
nally derive a 3D picture. Based on earlier investigations
on calcite-gelatine and calcite gelatine/argarose com-
posites (CGC, CGAC) in vitro, it was already concluded
that even the inner structure should show close relations
to vital human otoconia (14-16). Hence, the artificial
otoconia may serve as a model for further investigations.

MATERIALS AND METHODS

Specimen and Structural Investigations

Vital human utricular otoconia were extracted in patients
undergoing transmastoid labyrinthectomy. Specimens of intact
and degenerate otoconia were identified using environmental
scanning electron microscopy (ESEM, FEI Quanta 200 FEGi;
Eindhoven, The Netherlands) in low vacuum (LV, 60 Pa) and high
vacuum (HV, 2 x 10~* Pa) modes. A backscatter and a secondary
electron detector were used to detect contrast differences.

X-ray Cristallography and Chemical Composition
For single crystal X-ray diffraction experiments, a single in-
tact human otoconium was glued on a glass capillary (Fig. 1).
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FIG. 1. For X-ray single crystal diffraction experiments a single
human otoconium (optical micrograph) is glued on a glass capillary
(scale bar =5 pm).

Diffraction data were collected on a Rigaku R-AXIS SPIDER
diffractometer using Ag-Ka radiation (0.56087 A).

By use of the Bragg-part of the diffraction pattern (reflections
strictly based on the Bragg equation), the crystal structure of
calcite could be solved (15) without evidence for the presence of
the organic component, which, however, is a real part of the
composite structure of otoconia.

The pattern of the organic component is observed by TEM (see
below). In fact, otoconia represent a highly mosaic-controlled
nanosuperstructure by taking into account the distribution of the
organic molecules within the calcite matrix.

The amount of the organic component of vital human otoconia
and artificial otoconia was analyzed as described recently (14,15).

FIB Preparation and TEM Investigations

Intact human otoconia were selected from the specimen with a
micromanipulator and attached on top of a FIB holder (Figs. 4A
and 5A). The desired region for FIB cutting of otoconia was
covered with a platinum (Pt) mask (thickness 1-2 pm, accelera-
tion voltage 30 kV, current 0.3 nA) (Figs. 4A and 4B). Several
otoconia were sliced longitudinally and crosswise in different
planes to reach electron transparency (thickness of 50—-100 nm, 30
kV acceleration voltages, HV, currents of 3—0.05 nA for the Ga'-
beam) on an FEI Quanta™ 200 3Di DualBeam device (FEI
company, Eindhoven, The Netherlands) (Figs. 4C and 5C).

Decalcification
For decalcification, intact human otoconia were treated with
ethylenediaminetetraacetic acid (EDTA, ¢ = 0.001-0.0025 mol/l).
The morphologic changes were investigated using ESEM
(2-min steps).

Artificial Otoconia
Attificial otoconia (CGC and CGAC) were produced in vitro by
use of the double diffusion technique in a protein matrix (gelatin
and gelatin/agarose) (14,15). The morphogenesis of CGC and
CGAT was observed by ESEM. Further characterization was
performed according to the procedures used for human otoconia.

Ethics
The study was conducted in conformity with the declaration
of Helsinki and approved by the ethics committee of the Uni-
versity Medicine Mannheim (2012-612N-MA).

RESULTS

Outer Morphology of Intact and Degenerate Human
Otoconia

Intact human otoconia consist of a cylindrical body with
3 rhombohedral faces at both ends. The cross section of the
cylindrical body is shaped in a roughly hexagonal outline.
The body region contains numerous pores with decreasing
size in direction to the terminal faces. The surface of the
body is randomly roughened, whereas the rhombohedral
faces are more structured, indicating the presence of a
composite nanostructure. The terminal faces at both ends
are turned by 60 degrees toward each other (Fig. 2A).

Degeneration of human otoconia leads to destruction of
the belly area extending to the center of symmetry,
whereas the branches with their rhombohedral faces re-
main nearly unaffected in early stages (Fig. 2B) but are
involved in later stages of degeneration.

X-ray Diffraction and Chemical Composition of Intact
Human Otoconia

The Bragg pattern of a single otoconium corresponds to a
single crystal of calcite (the inorganic part of the composite)
(Fig. 3).

The amount of organic molecules (proteins) is approxi-
mately 3.3% of their total weight.

This is a maximum value because organic material at-
tached to the surface cannot perfectly be removed from
human otoconia because they are very small in size. Be-
cause of this small size of human otoconia, samples used for
analytical investigations may contain a relatively higher
amount of organic material.

TEM Analyses of FIB Cuts

Otoconia consist of an ordered arrangement of organic
fibrils together with calcite-based nanocrystals representing
a mosaic structure. Thin FIB cuts in several planes reveal
differences in the mosaic structure, which are caused by
different regions showing different alignment of organic
fibrils. The more dense structure shows a nearly perfect
periodic calcite pattern and a parallel orientation of the in-
tegrated and mineralized protein fibrils. The packing se-
quence of fibrils (periodicity of about 20 nm) extends in
direction to the thombohedral faces represented by 3 + 3
branches. This dumbbell-like branch structure is surrounded
by a less ordered structure (belly) consisting of nanodomains
in a less ordered arrangement and of a large number of pores
(Figs. 4, D-F, and 5, D-F).

The branches are turned by 60 degrees corresponding
to their terminal faces.

A center of symmetry is present in the center of the
otoconia (Fig. 6).
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FIG.2. A, Single intact vital human otoconium. The more regular surface structures of the rhombohedral faces differ significantly from the
surface of the cylindrical body indicating different areas of the composite structures, (ESEM, HV, 15 kV, scale bar = 5 um). B, Vital human
otoconium affected by degeneration. Pores are deepened and fissures occur. The belly area is more affected than the rhombohedral faces,

(ESEM, HV/Au, 15 kV, scale bar = 5 pm).

The overall X-ray diffraction pattern (Bragg pattern)
of human otoconia shows a common crystallographic
orientation of branch and belly areas (Fig. 3). Electron
diffraction patterns are consistent with the X-ray data
corresponding to calcite and indicating an overall single
crystal behavior. A 3D picture of a single otoconium is
modeled in Figure 7.

Decalcification

In early stages (2—6 min), EDTA treatment of otoconia
leads to hole formation affecting the belly but leaving the
branches nearly unaffected. In later stages (>6 min), the
belly area is completely dissolved; however, the dense
internal structure (branches) remains. When the inorganic
component (calcite) is completely dissolved, the organic
component remains and shows the initial shape of
otoconia. ESEM observations with backscatter and the

FIG. 3. X-ray diffraction pattern (Ag-Ka radiation) of a human
otoconium (Fig. 1) showing a Bragg pattern consistent with a
single crystal. The crystal structure (calcite) was solved from the
diffraction data (14).

Otology & Neurotology, Vol. 35, No. 4, 2014

secondary electron detectors reveal the presence of 2 in-
ternal structures, which are different in their densities.
The more dense structure consists of the trigonal branches
connected by a center of symmetry. The less dense parts
surround the branches and correspond to the belly region
(Fig. 8).

Artificial Otoconia

The shape development of artificial otoconia (CGC/
CGAC) is shown in Figure 9, A to D. The morphogenesis
starts with gradual formation of the 6 branches and the
corresponding rhombohedral faces. Nucleation obviously
starts from a common region close to the center of otoconia
(center of symmetry).

In immature artificial otoconia, the branches represent
the highly dense internal structure acting as a backbone
during shape development. The less dense belly region
grows more slowly and reveals the more porous nano-
composite structure.

Maturation of artificial otoconia is completed after a
few days. CGAC showed a less bulbous body than CGC.
The size of CGC and CGAC is up to 500 pm. XRD
patterns of CGC and CGAC showed similar results as
observed for human otoconia, with the Bragg patterns
(Fig. 3) being representative for a single crystal of calcite.
XRD patterns of artificial otoconia are shown in refer-
ences 14 and 15. The organic minority component ranges
between 1.9% and 2.5% of their total weight, respec-
tively. The composite nature of the artificial specimen is
associated with a total density of 2.563 g/cm’. FIB cuts of
artificial otoconia in several orientations reveal an inter-
nal structure resembling the internal structure of human
otoconia. The periodicity of the mineralized fibers within
the branches is approximately 25 nm. EDTA exposure
causes stepwise dissolution of calcite corresponding to
the scenario observed for human otoconia (Fig. 10).

DISCUSSION

The morphologic integrity of otolith organs is a prereq-
uisite for maintaining balance and orientation in space (1, 2).
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FIG.4. A, For preparation of a longitudinal FIB cut a single human otoconium is placed on top of a FIB sample holder. B, The selected slice
(marked area in A) is covered with a thin Pt-layer for protection before slicing and was sliced down to 50-100 nm, (scanning ion microscopy
(SIM), top view, HV 30 kV, scale bar = 2 um). C, Front view of the thin slice of an otoconium prepared for TEM investigations, (SEM, front
view, HV, 30 kV, scale bar = 3 wum). Dand E, Longitudinal slice of a single otoconium approximately through the center with different contrast
modes showing differences in structured orientations and resulting in dense areas (branches) and less dense areas (belly) (dark field TEM
images and bright field TEM images, respectively, TEM, scale bar = 500 nm). F, Corresponding model of the inner structure according to the
results of TEM analyses showing branches and belly part as the underlying inner structure.

It has been shown that morphologic alterations may be
present in animal and human otoconia because of degener-
ative processes (5,16—19). However, the observed degen-
erative processes do not fit the current model of otoconia
morphology assuming a core/shell structure (11-13).

Based on the results of the present study, we confirm
recent investigations revealing that human otoconia show
a characteristic outer shape with specific symmetry
properties independent of their size (14). The results of
diffraction analyses revealed Bragg patterns, confirming
that human otoconia behave like single crystals of calcite,
characterizing them as calcite-based composites.

To investigate details of the internal structure, we used
the FIB technique, which is currently applied to clarify the
internal structure of solids without destruction effects (20).
Our results demonstrate that also biominerals, such as
human otoconia, can be precisely sliced to investigate
structural details by TEM on the nanoscale (50-100 nm).
The results of TEM FIB cuts in several orientations reveal
an intergrowth structure of inorganic and organic compo-
nents characterizing human otoconia as highly mosaic-
controlled calcite-based nanocomposites. This, in general,
confirms the study of Ross and Pote, who found mammalian
otoconia (rats) to be mosaic biominerals, resembling a

mosaic arrangement of nanocrystals (7). Recently, Andrade
et al. observed in rat otoconia a hexagonal arrangement of
fibrils corresponding to the properties of a mosaic nano-
structure (13). In our study, however, the FIB method
enables a detection of the exact arrangement of the inner
architecture with different alignments of fibrils. FIB slices
in several planes show a highly dense structure with 3
cones (3 + 3 branches) on each side integrating the
terminal faces and a more porous, less dense structure
surrounding the branches (belly).

The branches are more dense because of the highly or-
dered arrangement of nanocomposite units together with a
parallel arrangement of fibrils. The belly area appears to be
less dense caused by a less ordered nanocomposite structure
together with pores. Thus, the branch and belly regions
differ in their volume densities.

Both the belly and the branch parts reveal Bragg pat-
terns like single crystals, whereas the organic components
do not significantly contribute to this diffraction part.
This kind of solid matter is also called a 3D periodic
arrangement of nanocompartments strongly affected by
defects and disorder, which is common for biominerals
including otoconia. In a recent study, the Bragg pattern of
ultra-thin sections (70 nm, diamond knife) of rat otoconia
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FIG.5. A, Human otoconia chosen for cross-sectional FIB cuts together with platinum mask (SEM, top view, HV, 30 kV scale bar =5 pm).
B, Intermediate stage of a single slice during the FIB cut procedure (SIM, top view, HV, 30 kV, scale bar =3 um,) and (C) Slice surface ready
for TEM analyses (SEM, front view, HV, 30 kV, scale bar =5 um). D, Bright field TEM images in focus and (E) Over focus of a paramedian
cross sectional slice of an otoconium showing the inner structure represented by more dark regions (branches) surrounded by less dense
areas (belly) (TEM, front view, scale bar = 200 nm). F, Planar reconstruction of the inner structure based on the paramedian FIB cut cross

sections showing symmetrical branches surrounded by the belly.

Branch

‘ Branéﬁ

Branch

FIG. 6. A, Transversal FIB cut showing the branch areas of an
otoconium containing fibrils in parallel arrangement. The black
lines define one branch area. The white arrow shows the direction
of fibrils within one branch running perpendicular to the rhombo-
hedral endface. The white point corresponds to the center of
symmetry of the otoconium. The belly regions appear to be less
ordered (TEM, scale bar = 200 nm).

Otology & Neurotology, Vol. 35, No. 4, 2014

was shown. The authors also observed a sharp borderline
within the inner structure of animal otoconia (mice and
guinea pigs), which separates a more dense outer cortex
and a less dense inner core (13). They concluded that
there is a core/shell scenario as the underlying inner
structure of otoconia. However, with regard to the results
of Andrade et al., the densely mineralized cortex with

FIG. 7. Three-dimensional model of a complete otoconium.
The planar rhombohedral faces define the closing planes of the
branches.
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FIG. 8. Human otoconia after treatment with EDTA, observed by
the use of a backscatter detector. The branches are still present.
The net of fibrils within the former composite belly region in-
terconnects the 2 parts of the remaining dumbbells containing the
3 + 3 branches. (ESEM, 15 kV, HV, scale bar = 2 um).

parallel-arranged rows corresponds to parts of the branches,
and the less dense inner core has to be considered as part of
the belly (13).

FIG. 10. Artificial (biomimetic) otoconium (CGC) after EDTA
exposure. While the belly area is completely dissolved, parts of
the more dense structured branches are still present. The organic
component keeps the shape of the former composite (light mi-
croscope, in solution, scale bar = 100 um).

In earlier studies, Marco et al. and Sanchez-Fernandez et al.
described ultramicrotom sections of guinea-pig otoconia
containing 2 zones of different densities (Fig. 12A) (9,10).
Taking the results of our study, it becomes clear that the
oblique cuts show parts of the branches and the belly re-
gion (Fig. 12B). The authors also report on a parallel

FIG.9. A, Attificial (biomimetic) otoconia (CGC) reveal a gradual growth process. Early stages of the development reveal 6 branches with
terminal faces at both ends (ESEM, 20 kV,HV, scale bar = 5 um). B, The branches grow faster than the less ordered (less structured) belly
region (ESEM, 20 kV, HV, scale bar = 20 n.m). C, Mature CGC (ESEM, 20 kV, high vacuum, scale bar = 400 um) D, and CGAC, (ESEM, 15

kV, HV, scale bar = 50 pm).

Otology & Neurotology, Vol. 35, No. 4, 2014
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structuring in the periphery of otoconia (9,10). The results
of our study show that each branch is characterized by a
parallel arrangement of mineralized protein fibrils running
perpendicularly to the surface of the terminal planes. This
orientation in the direction of the rhombohedral faces
causes the specific surface structure revealing the rhom-
bohedral planes to represent the visible part of the dense
internal architecture (branches). This specific inner archi-
tecture of otoconia also confirms the existence of a cen-
ter of symmetry situated in the center of otoconia. The
branches develop from this center and are turned by
60 degrees, revealing a symmetry close to -3m. The symbol
“3m” defines the point group (crystal class)-symmetry
of a polyhedron by use of the so-called Hermann-
Mauguin-notation. Otoconia contain a 3-fold rotation
axis combined with a center of symmetry (indicated by -3)
and a mirror plane containing the 3-fold rotation axis,
which causes tripling of the mirror plane. The complete
symbol is therefore -3m, which also holds for a pure calcite
single crystal (e.g., a calcite cleavage rhombohedron).

Fermin et al. presented a 2-dimensional X-shaped plane
model of fibrils in chicken otoconia showing an arrange-
ment of fibrils starting from the center of otoconia assuming
that this might be the “core” (8). According to the results of
our study, the X-shape structure corresponds to the pres-
ence of 2 of the dense branches starting from the center of
the otoconia, but it does not represent a central core.

The interpretation of fibril orientations, their size and
position as well as a structure with a “central core” to-
gether with a surrounding shell differs in several publi-
cations. In crushed human otoconia, Carlstrom et al.
found dust-like fibril structures assumed to represent an
inner nucleus (3). Further investigations in rat otoconia
using freeze etching techniques reported on a far-
reaching, less dense central organic core formed by a
tight meshwork of filaments and a dense crystalline outer
shell in rats and mice (11,13). With the results of our
study, we can verify that there is no core/shell structure in
human otoconia as visualized in our 3D model (Fig. 6).
This model reveals the inner architecture showing the 2
areas with different composite densities, the symmetry
properties, and the existence of a dumbbell-like mass
distribution. The latter may become of interest for ex-
planations of the functionality of otoconia.

The results of this study and earlier observations of
human otoconia confirm our results on the inner structure
derived from the FIB slice investigations. Ross et al. (21)
observed degenerate otoconia fragments in humans and
also report on an internal, tripartite configuration in case
of fragment formation which is fully consistent with the
results of the present study.

In case of degeneration, the less dense structure of the
belly region causes its higher susceptibility to any de-
generative attack. In early stages of degeneration, it can
be assumed that the pores of the belly provide access for
endolymph to the internal structures of otoconia and
mediate decalcification scenarios. This process can lead
to a deepening of the pores until fissures occur. The less
dense belly region becomes increasingly damaged, whereas

Otology & Neurotology, Vol. 35, No. 4, 2014

the branches including the rhombohedral faces stay ini-
tially safe and less affected. This is supported by the re-
sults of EDTA exposure to otoconia.

The EDTA experiments on human otoconia also con-
firm the inner architecture of human otoconia showing an
anisotropic solubility. In earlier stages of decalcification,
a hole formation of the belly area verifies the low volume
density of this region. The branches, however, with their
high volume density are affected in later stages. The tri-
gonal area of the otoconia, which is observed after EDTA
treatment, corresponds to the 3 + 3 dense branches.

Based on EDTA experiments and the observation on
human otoconia in earlier stages of degeneration, it can be
assumed that separated nanoparticles or remnants of the
belly within the endolymph may indicate the presence of
otoconia degeneration as in BPPV related to the high
incidence of degenerative BPPV at higher ages.

Several studies confirm that degenerative processes
lead to a residue of dumbbell structures in later stages
of otoconia degeneration. With progressive degeneration
fragment formation is visible. With evolving degenera-
tion scenarios, the inner architecture of otoconia causes
the extension of dissolution processes to the center of
symmetry of otoconia, resulting in fractures mainly through
that center. This degeneration procedure leads to frag-
ments solely composed of the 3 + 3 dense branch parts
of otoconia. This scenario may explain recurrent or per-
sistent cases of degenerative BPPV at higher ages.

The results of our study also show that the chemical
and morphological patterns of CGC and CGAC are
closely related to those of human otoconia differing only
in size. The chance to reproduce (mimic) a biomineral
in its intrinsic nanostructure and its outer shape in the
laboratory opens up a wide area for further studies of
morphogenesis, biomechanics, degeneration, and repair
processes. Artificial otoconia might serve as a model for
further investigation of vital human otoconia properties,
which can only be obtained by surgical procedures.

In summary, we show that human otoconia contain
a uniform structural architecture composed of 3 + 3
dense branches surrounded by a less dense belly area.
Using FIB cuts and TEM, we demonstrate that the cur-
rent view of a core/shell relation was caused by acci-
dental scratches only (10,11). Furthermore, we clearly
explain the reasons for this assumption using recon-
structions. Our 3D model of human otoconia reveals
that the specific inner architecture may produce images
of different structures depending on the region and the
direction of scratches or cuts as shown in Figures 11, A
and B, and 12, A to D.

CONCLUSION

In human otoconia, calcite nanocrystals together with
the organic minority component are organized to form
different arrangements of nanocomposite structures. There
are 2 different volume densities within the uniform outer
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FIG. 11. Aand B, The inner architecture of human otoconia consisting of branch and belly regions leads to various surface impressions
depending on the direction of cuts and scratches, respectively. This is shown by the 3D model of human otoconia: Cut with a wing-like
structure of the branches A and paramedian crosswise cut resembling a 3-leaf clover (B).

shape leading to an inner architecture consisting of 3 + 3 are affected only in later stages. The center of symmetry of
dense branches and a less dense belly region. otoconia is the preferred site for fragment formation. Ar-

The degeneration of otoconia shows a gradual disso- tificial otoconia are closely related to human otoconia and
lution of the less dense belly area, whereas the branches provide a suitable model system for further investigations.

FIG.12. A, SEM-image of an otoconium (diamond knife cut) reported in literature (10) leading to the assumption of a core shell/structure.
Reprinted from: Sanchez-Fernandez JM, Marco J, Rivera-Pomar JM, Delgado RM. Electron diffraction studies on otolith organization in the
macula utriculi of the guinea pig. Acta Otolaryngol 1972;73:267-9, copyright 1972, Informa Healthcare. Reproduced with permission of
Informa Healthcare. B, Belly/branch-model with approximate orientation as (A). The description “y” in (A) corresponds to a part of a branch
or a part of a belly region adjoining 2 other branches revealing more ordered structures of fibrils. The description “in” and “it” in (A) also
correspond to parts of branches surrounded by the belly (black). C, SEM-image of a fractured otoconium (Balzers 301 freeze-fracture
apparatus) leading to the assumption of a core/shell structure. Reprinted from: Lins U, Farina M, Kurc M, Riordan G, Thalmann R, Thalmann
1, Kachar B. The otoconia of the guinea pig utricle: internal structure, surface exposure, and interactions with the filament matrix. J Struct Biol
2000;131:1; 67-78, Copyright 2000, with permission from Elsevier. D, Belly/branch model with approximate orientation as (C). “OS” in (C)
corresponds to parts of the belly area (bottom and top) as well as to parts of branches (left). The arrows indicate ordered fibrils belonging to
part of branches. “CO” in (C) represents part of the belly area. The cuts in (A) and (C) appear oblique and the corresponding surfaces are not
planar including artifacts due tothe cutting procedure (asterisk, “knife marks on the surface”).
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