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Introduction

Introduction The nature and extent of membrane damage encountered in Meniere
disease remains unexplained. Pressure-induced membrane stress may underlie the
characteristic hydropic distention. Analysis of stress in the several vestibular chambers
may offer insight into the nature and progression of Meniere disease.

Objective Membrane stress levels will be assessed by constructing a specific model of
the human membranous labyrinth through the application of human dimensions to an
existing generic model of the mammalian labyrinth.

Methods Nominal dimensions for a model of the human membranous labyrinth were
obtained from fixed human tissue. Stress proclivities were calculated and normalized
based on shell theory applied to the various geometric figures comprising the model.
Results Normalized peak stress levels were projected to be highest in the saccule
(38.8), followed by the utricle (5.4), then ampulla (2.4), and lowest in the canal system
(1.0). These results reflect macrostructural variations in membrane shape, size, and
thickness among the several chambers of the labyrinth. These decreasing stress
proclivities parallel the decreasing frequency of histologic lesions found in documented
cases of Meniere disease.

Conclusions This model analysis of a human membranous labyrinth indicates that
substantial disparities in stress exist among the several vestibular chambers due to
macrostructural membrane configuration. Low stress levels in the canals are the result
of thick highly curved membranes, and the high levels computed for the saccule reflect
its thin and relatively flat membranes. These findings suggest that chamber configura-
tion may be a factor controlling the progression of endolymphatic hydrops in Meniere
disease.

tissue as well as the presence of dark cells on the epithelial
surface of the utricle membrane.* The saccule, lacking such

When fluid was first found to fill the bony labyrinth, the
delicate membranes suspended therein went undetected.’
The use of contrast agents subsequently led to the discovery
of the utricle and saccule.? Disparities in the structural
thickness of the utricular and saccular membranes were
eventually noted.? A greater thickness of the utricular mem-
brane was found to be due to a layer of mesothelial connective
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features, was found to be generally thinner but with a
localized thickened zone known as Perlman membrane.”
Distention of the membranous labyrinth, originally desig-
nated hydrops labyrinthi but now better known as endolym-
phatic hydrops, was found to occur in patients suffering from
Meniere disease.® Such membrane distention was found to be
nonuniform with the saccule more affected than the utricle.
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This has been attributed to the saccule’s visibly thinner
membranes.? Pathologic elevation of endolymphatic fluid
pressure has been the suspected cause, supported by the
finding of such elevation in experimental hydrops.’

Endolymphatic pressure elevation causes distention by
inducing tensile stress in the membranes.? In the presence
of a static transmural pressure, the tensile stress in the
membranes is described by a membrane equation of equilib-
rium.>' This membrane equation can be simplified for
certain axially symmetrical shapes to permit an assessment
of peak stress in these chambers."!

A geometric model of the macrostructure of membranous
labyrinth in mammals has been described that uses axially
symmetric shapes to emulate the several chambers.'? In this
model, a semicircular canal is treated as a torus, an ampulla as
a sphere, the utricle as a cylinder, and the saccule as a discus
(i.e., a flattened spheroid). These features are illustrated
in =Fig. 1. Stress proclivity (the peak level of stress per unit
of transmural pressure) in each chamber of the model has
been shown to depend on chamber macrostructure
(i.e., shape, size, and thickness of its membranes)."

Eq. 1 shows how these entities are related, with stress
proclivity given by the product of a shape coefficient and the
ratio of chamber radius to membrane thickness.

(1) f/P =G+ T/W

where t represents tensile stress in the membrane wall;
p represents transmural pressure on the membrane; t/p
represents stress proclivity; Cs, represents a shape coeffi-
cient; r represents the axial radius of curvature of the
membrane; w represents the wall thickness of the mem-
brane; and r/w represents the membrane thinness index.

GAMAL AS TORO

AS CYLINDER
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Analysis of a model of the human labyrinth may provide
insight into the stress disparities inherent to its complex
configuration. Such an analysis may also offer a new perspec-
tive on the membrane pathology that is characteristic of
Meniere disease.

Methods

A model of the human labyrinth requires specification of
chamber proportions and dimensions. Fixed-tissue measure-
ments of the vestibular membranes were used. These meas-
urements were made from a standard temporal bone
specimen in the archival collection at Harvard Medical School
that was judged to be normal by an independent otopathol-
ogist. Nominal measurements of the membranous labyrinth
were made with a Zeiss photomicroscope (Germany) fitted
with a calibrated reticule. Measurements were taken where
the chamber membranes were sectioned transversely. For the
external radius of the semicircular canal, a reported value for
the horizontal canal was used.

Computations were based on the model chamber geome-
tries of the membranous labyrinth as noted above.'? The
shape factors for the various geometric configurations used in
the model labyrinth have been identified and reported pre-
viously."> Model shape coefficients for each chamber were
calculated, based on chamber measurements. Nominal
dimensions of chamber radii and membrane thickness
were utilized to compute a membrane thinness index for
each chamber. The greater the ratio of chamber radius to
membrane thickness, the “thinner” the membrane is in
relative terms.

This value of membrane thinness index was employed to
qualify the use of the membrane equation in the determination

SACCULE
B

Fig.1 A model of the human membranous labyrinth using geometrical elements. Heavy lines represent thick membrane in the pars superior and
Perlman membrane in the saccule. Light lines represent thin membranes in the saccule and the vestibular membrane (Reissner) of the cochlea

spiral.
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of stress proclivity. The membrane equation is only valid for
chambers where the membrane thinness index is 5 or larger
because the greater the radial size of the chamber for a given
membrane thickness, the thinner the membrane relative to
chamber size.® Once this qualification was met, stress proclivity
was computed as the product of shape coefficient and mem-
brane thinness index using the membrane equation shown in
Eq. 1.

Normalized stress in the model was then determined
based on the chamber with the least stress proclivity. All
measured values were rounded to the nearest whole number
in light of their nominal nature, and all calculated values are
rounded to the nearest tenth.

Results

=Table 1 presents the measurements made of the membra-
nous vestibular chambers. Membrane thickness in the range
of 23 to 30 um, was found to characterize the membranes of
the pars superior. In contrast, the saccule demonstrated a
much thinner membrane of ~5 pm, except for its reinforced
area with a thickness of 28 pm. As to the internal radii of
curvature of the several chambers, the semicircular canal was
found to have a measured value of 140 pm; the ampulla, a
value of 640 um; and the utricle, a value of 930 um. The
lateralmost portion of the saccule had a measured radius of
curvature of 1,750 pm. For the external radius of the model
canal, the value of 3,170 um for the horizontal canal as
reported by Curthoys and Oman was used in the
calculations.™

=Table 2 presents a tabulation of results based on these
measurements. Membrane shape coefficients ranged from a
low of 0.5 for the ampulla modeled as a sphere to a high of 1.1
for the saccule modeled as a discus, with other chamber
values intermediate. Membrane thinness index values ranged
from a low of 5.6 for the semicircular canal to a high of 204 for
the saccule, with intermediate values of 27.8 for the ampulla
and 31 for the utricle. All of the computed values for mem-
brane thinness index in =Table 2 can be seen to meet the
engineering criterion for thin (i.e., the all values are greater
than 5.0) and thus validate the use of the membrane equation

Table 1 Nominal dimensions for a model human labyrinth
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in their analyses. Of these, the membrane thinness index for
the semicircular canal (5.6) makes it effectively the most
thick-walled of all the vestibular chambers.

The values for stress proclivities in the model labyrinth
were calculated using the membrane shape coefficients and
membrane indices in =Table 2. Stress proclivity was found to
be 5.8 in the semicircular canal, 13.9 in the ampulla, and 31 in
the utricle. The stress value for the saccule is estimated to be
much higher, with a value of 225.

Normalized tensile stress proclivity values are also pre-
sented in =Table 2. Because the calculations predict that
stress proclivity in the semicircular canal will represent the
minimum value, normalized stress computations were based
on this structure. Therefore, by definition, the value of the
normalized stress proclivity in the semicircular canal of the
model is 1.0. The normalized stress values for the other
vestibular chambers are 2.4 for the ampulla, 5.4 for the utricle,
and 38.8 for the saccule. This variation in normalized stress
proclivity is shown graphically in =Fig. 2.

Discussion

Engineering models have long been used to gain insight into
the behavior of unwieldy physical systems. In fact, it has been
observed that although “all models are wrong, some are
useful.”P& 42475 Although modeling is inherently approxi-
mate in nature, it can be especially helpful in complex
situations where its estimations cannot be readily obtained
in any other way. Such a model approach appears well suited
to the complex geometry of the membranous labyrinth.
Modeling of the individual chambers with simple geometric
elements can provide insights that are neither apparent nor
intuitive.

The dimensional values used in this model of the human
labyrinth are to be considered nominal rather than exact. The
measured values for the axial radii of the horizontal semicir-
cular canal, ampulla, and utricle (140 p, 640 p, 930 p,
respectively) are consistent with the published average
norms for these structures (160 p, 580 p, 920 p,
respectively).'® This suggests that the temporal bone utilized
in this study was representative of normal and that the

Vestibular chamber | Model shape | Wall thickness (u) | Axial radius () | External radius (u) | Semiaxial length (p)
Canal Torus 25 140 3,170° n/a
Ampulla Sphere 23 640 n/a 640
Utricle Cylinder 30 930 n/a n/a
Saccule Discus 1,020 n/a 460
Saccule® Sphere 5 1,750° n/a n/a

Abbreviation: n/a, not available.

Note: Values are rounded approximations based on direct measurements of normal human temporal bone tissue, unless noted otherwise. Given the
substantial stress disparity between the saccule and the other chambers, an alternate method of calculating peak membrane stress at this pointin the

saccule was employed. This was based on a direct osculating circle measure
conservative spherical shape factor (0.5). These data are shown in italics.

ment of curvature at the polar region of the saccule (1,750 p) and the most

Radius of curvature of an osculating circle at the lateralmost portion saccular membrane.

bpublished value for the human horizontal semicircular canal.
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Table 2 Calculation of stress parameters in a model human labyrinth
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Membrane | Membrane | Formula for shape Calculated shape | Membrane Stress proclivity | Stress proclivity
structure model coefficient coefficient thinness index normalized®
Canal Torus % (2 = r/R)/(1 —r/R)| 1.03 5.6 5.8 1.0

Ampulla Sphere 1 — 3212 0.5 27.8 13.9 2.4

Utricle Cylinder 1 — 212 1.0 31 31 5.4

Saccule Discus r/2L 1.1 204 225 38.8

Saccule Sphere 1— %212 0.5 350 175 315

Abbreviations: r, axial radius; R, external radius; L, semiaxial length.
Note: Given the substantial stress disparity between the saccule and the other chambers, an alternate method of calculating peak membrane stress at
this point in the saccule was employed. This was based on a direct osculating circle measurement of curvature at the polar region of the saccule (1,750

) and the most conservative spherical shape factor (0.5). These data are shown in italics.

?Normalized values are based on the semicircular canal as reference.

supplemental measurements of membrane thickness and
curvatures were also within the range of normal.

Earlier work in this area has demonstrated how stress is
dependent on chamber configuration."’ The tensile stress
induced per unit of applied pressure can be very large in a
membrane of very low curvature, and conversely, the tensile
stress in a highly curved membrane can be quite low, despite
be subjected to the same transmural pressure. Indeed, tensile
stress can vary from point to point within the membrane of a
pressurized vessel of complex configuration, depending on
the shape, proportions, thickness, and curvature of the mem-
brane at the point in question. This point is counterintuitive
and deserves emphasis. Uniform transmural pressure
throughout a structure does not induce a constant level of
tension when the containment membranes vary in configu-
ration. Membrane areas with low stress will be more pliant,
and others with high stress will be palpably more tense. Thus,
the variable geometries of the several chambers in the vesti-
bule suggest that uneven stress vulnerability exists within
their membranes.

A quantitative analysis of stress proclivities in the vestibu-
lar structures of the toadfish showed that the level of tensile
stress induced by transmural pressure does varies consider-

Stress Proclivities in the Vestibular Membranes

KRORMALIZED STRESS PROCLIMITY
= B N W il
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-
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INDIVIDUAL VESTIEULAT CHAMBERS IN A HUMAN MODEL OF THE LABYRINTH,

Fig. 2 Disparate stress proclivities in a model of the human labyrinth.
The saccule has a stress proclivity thatis an order of magnitude greater
than the other three chambers.

ably with membrane geometry in this species.'® Additionally,
it has been shown that stress proclivities in the mammalian
labyrinth have the potential to reach high levels should
extremes of chamber shape be encountered.'?

The results reported here extend these earlier findings in
fish and mammals to the human labyrinth. Suspected dis-
parities in maximum tensile stress in the various chambers
are confirmed based on nominal dimensions of a model
human labyrinth. Stress levels are projected to be the lowest
in the semicircular canal. Stress levels will be 2.4 times higher
in the ampulla and 5.4 times higher in the utricle under
physiologic pressure in a static equilibrium. However, the
most notable finding is that the stress in the saccular mem-
brane is projected to be 38.8 times higher than that in the
canal.

Previous work has shown that in the discoid emulation
of the saccule, peak stress is meridional and occurs in the
polar region, the lateralmost portion of the saccule facing
the perilymphatic cistern as shown in ~Fig. 3.13 Given the
substantial stress disparity between the saccule and the
other chambers, an alternate method of calculating peak
membrane stress at this point in the saccule was employed.
This was based on a direct osculating circle measurement of
curvature at the polar region of the saccule (1,750 p) and
the most conservative spherical shape factor (0.5). These
data are shown in italics at the bottom of =~Tables 1 and 2.
This approach can be considered to establish a conservative
lower bound for the actual value because the osculating
circle underestimates the flatness of the membrane at the
point of measurement. This computation returned a lower
bound stress value of 175, consistent with the model’s
prediction of 225.

This high value for stress proclivity does not necessarily
mean that the saccule is under extreme tension in the normal
state. If the endolymphatic pressure hovers near 0, then there
will be little if any tension in any of the membranes. But
whatever tension there is, it will be 38.8 times higher in the
saccule than the canal. Furthermore, any rise in pressure
beyond the normal physiologic range will be felt more acutely
in the saccule. Thus, distention in response to elevated
pressure is most likely to affect the saccule primarily. The
likelihood of distention in other chambers would be expected

International Archives of Otorhinolaryngology Vol. 19 No. 4/2015

339



340 Membrane Stress in the Human Labyrinth and Meniere Disease

VESTIBULE

Fig. 3 Schematic of the vestibule showing the key anatomic features.
Maximum tensile stress occurs in the center of the saccule membrane.

to parallel their stress proclivities, with utricle second, am-
pulla third, and canal last.

A better understanding of these disparities comes from
closer scrutiny of the controlling parameters of stress in each
chamber. The saccule’s stress at 225 is much higher than that
in the other chambers due to a combination of the adverse
flattened shape (discus) and a substantially thinner mem-
brane. Utricular stress at 31 is substantially less due to its
smaller radius and thicker membranes. Ampullary stress
proclivity at 13.9 is lower still mainly due to its advantageous
spherical configuration. The lowest stress proclivity of 5.8 is
found in the model canal reflecting its highly curved mem-
branes (low radius of curvature) and relatively thick mem-
brane. It is noteworthy that these features in the canal are the
reverse of those encountered in the saccule.

Inspection of the data in =Table 2 shows that there is much
greater variation in membrane thinness index than there is in
shape coefficient values The range of membrane thinness
index values (5.6 to 204) is almost 40-fold, and that of shape
(0.5 to 1.1) is only twofold. This indicates that the membrane
thinness index (radial size relative to membrane thickness) is
the dominant determinant of membrane stress; the lower the
index, the lower the stress proclivity of the structure.

Comparisons with other bodily structures, namely the
vascular and ocular systems, offer some perspective on this.
In the vascular system where vessels share a cylindrical shape,
large arteries have a membrane thinness index of approxi-
mately 4.0 and small arterioles have a value of 1.0.'7 An
arteriole in spasm with virtually no lumen has a membrane
thinness index of 0 and is maximally thick in relative terms.
Thus, in the distal reaches of the arterial system where the

International Archives of Otorhinolaryngology  Vol. 19 No. 4/2015
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vessels get smaller and smaller, ironically and counterintui-
tively, the thickness of the vessel walls in relative terms gets
larger and larger. In contrast, on the venous side where
intravascular pressures are low, the membrane thinness
index is ~33.

In the ocular system, the eye has two spherical compo-
nents with different curvatures.'® The globe has a nominal
radius of 12 mm and a wall thickness of 0.5 mm at its equator
yielding a membrane thinness index (r/w) of 24. The cornea
has a greater curvature with a radius of 8 mm and central
thickness of 0.5 mm, indicating a thin membrane thinness
index of 16. The cornea’s lower index indicates a greater
mechanical advantage in response to the intraocular pressure
and implies lower tensile stress and a greater pliancy than
that of the globe.

The membrane thinness index values reported here for the
human pars superior range from 5.6 to 31. These values are
broadly consonant with the values for the cardiovascular
system (0 to 33) and ocular system (16 to 24). It would
appear most pars superior structures, namely, utricle, am-
pullae, and canals, can ordinarily contain endolymphatic
pressure with structures that have a membrane thinness
index ranging from 5 to ~30.

However, the saccule’s membrane thinness index (204) is
at marked variance to those of the older vestibular structures
that constitute the pars superior. It reflects the saccule’s
configuration of low curvature compounded by a thin mem-
brane wall that results in an extraordinarily high membrane
thinness index and therefore in relative terms is the thinnest
of vestibular membranes. This suggests that the saccule is
usually subject only to very low transmural pressure and
would be especially vulnerable to any elevation. Theoretically,
a thin saccule membrane need not be a liability per se. Were
its thin membrane possessed of a high curvature, the com-
puted index could be quite low as with arterioles. However,
such is not the case, and the membrane thinness index for the
saccule remains remarkably discordant with those of other
vestibular structures.

Such disparities in membrane thinness index between
saccule and the pars superior structures may be related to
evolutionary age and an indicator of relative stability. At one
extreme is the semicircular canal with a low index (5.6). This
fact would suggest that this structure from a membrane
stability point of view would be predicted to be the most
stable of all the structures in the vestibular labyrinth. This
would be consistent with the evolutionary age of this ancient
structure, with its probable origin in the lateral line organ of
primitive fish and dating back to the Silurian period some 400
million years ago.'® At the other extreme, the saccule of the
evolutionarily newer pars inferior has a high membrane
thinness index that may indicate instability and potential
for distention and rupture, something that can be seen in
other structures when membranes are thin and dilated. For
example, when a 3-mm cerebral berry aneurism thins out and
distends to 10 mm, its theoretical membrane thinness index
increases 37-fold. Such 10-mm aneurisms are attended by a
substantial likelihood of rupture.? Thus from the point of
view of membrane thinness index, low values would seem to
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be associated with greater membrane stability and high
values may portend instability under pressure.

Finally, idealized geometrical figures that have an axis of
symmetry are used to model chamber macrostructure in this
study. The real vestibular membranes are likely to exhibit
departures from these ideal states, and areas of irregularity
will entail stress concentrations beyond those projected by
the model. In addition, the membranes are presumed to be
uniformly thick in the model. This assumption does not take
into account real membrane microstructure wherein a com-
posite of elements including collagen and various cellular
elements are present and of variable thickness. These features
may thus entail peak stress levels beyond those projected by
the model. Thus, the model should be construed as providing
a conservative estimate of stress proclivities in the various
chambers.

These results have certain implications that bear directly
on Meniere disease. The lesions in Meniere disease are found
to occur in a precise sequence within the membranous
labyrinth.?" The saccule is the first vestibular chamber to
be affected after the cochlea. The utricle, the ampullae, and
the canal system are then affected in that exact order. This
sequence precisely parallels the order of stress proclivities
projected herein for the human vestibular labyrinth, largest in
the saccule and least in the canals. This consonance of lesion
progression in Meniere disease with the range of stress
disparities found in the model is noteworthy and suggests
an association between these observations. These findings
suggest that chamber macrostructure exerts a moderating
influence on the progression of hydrops.

This would appear to be related to the membrane me-
chanical advantage afforded each chamber by its macrostruc-
tural combination of shape, size, and wall thickness. Because
hydrops progresses from chamber to chamber in serial fash-
ion following the normal anatomy, chambers in the chain that
are mechanically advantaged may be less readily affected by
the hydropic process and vice versa. This raises the possibility
that chambers in some individuals may be more vulnerable to
hydrops if they exhibit macrostructural variations in size,
shape, and thickness outside of the normal range that com-
promises their normal membrane mechanical advantage.
Support for this possibility comes from the observation that
the saccule and utricle are larger in the contralateral ears of
patients with Meniere disease.?? Contralateral ears are more
likely to develop hydrops than normal ears,?> and therefore
they may be constitutionally more vulnerable to the hydropic
process due to their increased size.

Although membrane stress level depends on macrostruc-
tural characteristics of each chamber, chamber distensibility
will depend on the microstructure of the membrane. Were
the saccule to be made of stainless steel and the canals of gum
rubber, it is clear that the canals would distend first under
pressure regardless of their macroscopic structure. However,
collagen appears to be the membrane constituent that de-
termines distensibility.>* Variation in collagen microstructur-
al type, amount, and viscoelastic property can potentially
confer nonuniform deformation characteristics on the ves-
tibular chambers. Such membrane microstructure can be
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expected to modulate the effect of chamber macrostructure
in determining overall vestibular response to the hydropic
process.

Conclusions

In this analysis of a model human labyrinth, differences in
stress proclivities are projected to exist in the membranes of
the several vestibular chambers. This is based on macrostruc-
tural variations in chamber size, shape, and membrane
thickness. Most affected will be the saccule with its adverse
discus shape and its thin membranes. Least affected will be
the canal system due to its small radial size and its relatively
thick membranes. Utricle and ampullae will be affected to an
intermediate extent. These findings parallel the frequent
occurrence of hydrops in the saccule and the rare occurrence
of hydrops in the canal system, with the utricle and ampullae
intermediately affected. Such an association leads to the
suspicion that variations in chamber macrostructural geom-
etry due to shape, size, and membrane thickness may be a
factor controlling the progression of Meniere disease.
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