A nonlinear finite-element model of the newborn middle ear
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A three-dimensional static nonlinear finite-element model of a 22-day-old newborn middle ear is
presented. The model includes the tympanic membrane (TM), malleus, incus, and two ligaments.
The effects of the middle-ear cavity are taken into account indirectly. The geometry is based on a
computed-tomography scan and on the published literature, supplemented by histology. A nonlinear
hyperelastic constitutive law is applied to model large deformations. The middle-ear cavity and the
Young’s modulus of the TM have significant effects on TM volume displacements. The TM volume
displacement and its nonlinearity and asymmetry increase as the middle-ear cavity volume
increases. The effects of the Young’s moduli of the ligaments and ossicles are found to be small. The
simulated TM volume changes do not reach a plateau when the pressure is varied to either -3 kPa
or +3 kPa, which is consistent with the nonflat tails often found in tympanograms in newborns. The
simulated TM volume displacements, by themselves and also together with previous ear-canal
model results, are compared with equivalent-volume differences derived from tympanometric
measurements in newborns. The results suggest that the canal-wall volume displacement makes a
major contribution to the total canal volume change, and may be larger than the TM volume

displacement. © 2008 Acoustical Society of America. [DOL: 10.1121/1.2920956]

PACS number(s): 43.64.Bt, 43.64.Ha [BLM]

I. INTRODUCTION

High static pressures are used in several types of hearing
examination, including admittance tympanometry (e.g.,
Shanks and Lilly, 1981; Margolis and Shanks, 1991; Keefe
et al., 1993), reflectance tympanometry (e.g., Keefe and
Levi, 1996; Margolis et al., 2001; Sanford and Feeney,
2007), pressure-volume measurement (e.g., Elner er al,
1971; Gaihede, 1999), and pressurized acoustical transfer
function measurement (Keefe and Simmons, 2003). Under-
standing the mechanical response of the middle ear to high
static pressures is important for understanding the results of
such measurements.

The mechanical deformations of the tympanic mem-
brane (TM) in response to high static pressures have been
experimentally studied in human adult (Elner e al., 1971,
Dirckx and Decraemer 1991; Dirckx and Decraemer 1992;
Vorwerk et al., 1999; Gaihede, 1999) and in animals (von
Unge et al., 1993; Dirckx et al., 1997; Dirckx et al., 1998;
Dirckx and Decraemer, 2001; Larsson et al., 2001; Lee and
Rosowski, 2001; Rosowski and Lee, 2002; Ladak et al.,
2004; Larsson et al., 2005; Dirckx et al., 2006). The TM in
response to high static pressures has also been studied by the
nonlinear finite-element method (Ladak et al., 2006; Cheng

YAuthor to whom correspondence should be addressed. Electronic mail:
robert.funnell @mcgill.ca

J. Acoust. Soc. Am. 124 (1), July 2008

0001-4966/2008/124(1)/337/11/$23.00

Pages: 337-347

et al., 2007). To date, neither mechanical measurements nor
modeling studies have been reported for the newborn middle
ear.

Understanding the volume displacement of the newborn
TM in response to high static pressures is important for in-
terpreting pressurized measurements in newborn hearing
screening and diagnosis. As we have discussed in more detail
in a previous paper (Qi et al., 2006), it is important to be able
to distinguish conductive hearing loss from sensorineural
hearing loss soon after birth but the usual clinical test, tym-
panometry, gives quite different results in newborns than it
does in adults. For example, some newborns with confirmed
middle-ear effusion exhibit normal-appearing single-peak
tympanograms (e.g., Paradise et al, 1976; Meyer et al.,
1997). This is because the external ear and middle ear in
newborns differ significantly from those in adults. For one
thing, unlike the adult ear canal, of which the inner two
thirds are bone, the entire newborn ear canal is composed of
soft tissue. It is thus difficult to differentiate the clinically
interesting TM volume displacement from the associated
canal-wall volume displacement in response to high static
pressures (as used in tympanometry). Holte et al. (1990) first
measured newborn canal-wall displacement in response to
static tympanometric pressures (*=2.5 to =3 kPa) using
video otoscopy. They found, with considerable variability,
that the diameter of the ear canal can change by up to 70% in
newborns at birth. We recently presented a nonlinear new-
born ear-canal model, which for the first time simulated the
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FIG. 1. Medial view of the middle-ear model. S is superior, I is inferior, P
is posterior, A is anterior. AML is the anterior mallear ligament, PIL is the
posterior incudal ligament.

newborn canal-wall displacement (Qi et al., 2006). Our re-
sults indicated that the volume changed by between 27 and
75% in response to static pressures of =3 kPa. The purpose
of the present study is to extend our earlier work by includ-
ing the middle ear, in order to investigate newborn TM vol-
ume displacements under tympanometric pressures.

In this study, we present a three-dimensional nonlinear
finite-element model of a 22-day-old newborn middle ear.
The geometry is based on a clinical x-ray computed tomog-
raphy (CT) scan and the published literature. A polynomial
hyperelastic constitutive law is applied to model large defor-
mations of the TM. Plausible ranges of material properties of
the newborn middle ear are explored. The volume displace-
ment of the TM under high static pressures is estimated in
both open-cavity and closed-cavity conditions. The simu-
lated TM volume displacement is compared with equivalent-
volume differences calculated from measurements in both
healthy full-term newborns (Margolis et al., 2003; Shahnaz
et al., 2008) and neonatal intensive care unit (NICU) new-
borns (Margolis et al., 2003).

Il. MATERIALS AND METHODS
A. 3D reconstruction

The geometry of the model is based on the same data as
our ear-canal model (Qi et al., 2006), namely, a clinical CT
scan of a 22-day-old newborn. The CT scan contained 47
horizontal slices. Two local programs, Fie and Tr3 (http://
audilab.bmed.mcgill.ca/sw/), were used to generate a surface
model. A solid model with tetrahedral elements was then
generated using Gmsh (http://www.geuz.org/gmsh/) and im-
ported into COMSOL version 3.3 (http://www.comsol.com)
for finite-element analysis. Figure 1 shows a medial view of
the TM, ossicles, and ligaments.

The TM, malleus, incus, anterior mallear ligament, and
posterior incudal ligament were modeled using second-order
ten-node tetrahedral elements. Second-order tetrahedral ele-
ments can model complex structures more accurately with
fewer elements. This leads to more accurate simulation re-
sults and saves computation time.

The pars flaccida is not included in this study for two
reasons. First, the area of the pars flaccida is much smaller
than that of the pars tensa (e.g., Anson and Donaldson,
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1981). Second, even in the gerbil, with a much larger pars
flaccida, the volume displacement of the TM is caused
mainly by the deformation of the pars tensa when the static
pressures are varied from 0.4 to 2 kPa. The volume displace-
ments of the pars flaccida remain nearly unchanged for pres-
sures above 0.4 kPa (Dirckx et al., 1998).

Dirckx and Decraemer (2001) studied gerbil eardrum
deformations under quasi-static pressures of *2 kPa. They
found that the cochlea, tensor tympani, and stapes had little
influence on eardrum deformations. Thus, in this model, we
do not take into account the tensor tympani, the stapes, or the
cochlear load.

There are two synovial joints linking the ossicles to-
gether. The incustapedial joint was not included here because
the stapes was not included. Studies have shown that the
incudomallear joint is somewhat flexible (e.g., Decraemer
and Khanna, 1995; Nakajima et al. 2005) but it has for sim-
plicity been assumed to be rigid in this study The effect on
TM volume displacement is probably small.

B. Material properties and hyperelastic models
1. Thickness of TM

The thickness distribution of the human adult TM has
been measured by several investigators (e.g., Lim, 1970;
Schmidt and Hellstrom, 1991). It has been found that there is
significant variation in the thickness across the surface of the
TM and large intersubject differences. Recently, Kuypers
et al. (2006) measured three human adult TM thicknesses
using confocal microscopy. They found that the pars tensa
has a rather constant thickness in a central region, ranging
from 0.040 to 0.12 mm across three subjects. The study of
newborn TM thickness is sparse. To the best of our knowl-
edge, the only study was conducted by Ruah ef al. (1991).
They investigated the thickness distribution for different ages
of human TMs using histological images with the help of
both light and electron microscopy. They measured the thick-
nesses of TMs from 54 temporal bones, aged from newborn
to adult. They found that from newborn to adult the thickness
of the TM decreases significantly. Thicknesses of the pars
tensa were measured in four different quadrants. They found
in newborns that the thickness of the posterior-superior re-
gion ranged from 0.4 to 0.7 mm; the thicknesses of the
posterior-inferior, anterior-superior and anterior-inferior re-
gions were similar, ranging from 0.1 to 0.25 mm; and the
thickness of the umbo area ranged from 0.7 to 1.5 mm.

In this study, a nonuniform thickness for the TM model
was developed based on the measurements of Ruah et al.
(1991), supplemented by thickness measurements on histo-
logical images from two one-month-old ears. The thick-
nesses of the posterior-inferior, anterior-superior, and
anterior-inferior quadrants are all 0.1 mm in our model. The
thickness of the posterior-superior quadrant is 0.5 mm. In the
vicinity of the umbo the TM thickness (excluding the manu-
brium) is 0.75 mm.

2. Young’s modulus of TM

The TM consists of three layers: the epidermis, the outer
layer, whose ultrastructure is similar to the epidermis of skin;
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the lamina propria, the middle layer, which contains loose
ground matrix and two layers of densely packed collagen
fibers arranged in radial and circular patterns, respectively;
and the lamina mucosa, the thin inner layer, which contains a
large number of columnar cells (Lim, 1970). The overall
mechanical properties of the TM depend mainly on the
lamina propria, which is characterized by the presence of
type II collagen fibers.

The Young’s modulus of the human adult TM has been
investigated by both experimental and modeling studies.
Békésy (1960) first measured Young’s modulus of TM using
a beam-bending test on a strip of cadaver TM. He reported a
Young’s modulus of 20 MPa. Kirikae (1960) measured the
Young’s modulus of a strip of TM using a longitudinal vi-
bration. He reported a Young’s modulus of about 40 MPa.
Decraemer et al. (1980) used a quasi-static uniaxial tensile
test on strips of TM. They found that the incremental
Young’s modulus was shown to vary with the stress level,
from almost zero up to a value of approximately 23 MPa.
Cheng et al. (2007) also used uniaxial tensile tests and com-
bined the experimental results with an Ogden hyperelastic
model. They estimated that the Y.m of the TM is between 0.4
and 22 MPa, again depending on the stress level. Fay er al.
(2005) proposed three approaches to estimate the Young’s
modulus of the TM in adult human and cats. They concluded
that the Young’s modulus of the adult human TM is between
30 and 90 MPa for an isotropic model and 100—400 MPa for
an orthotropic TM model. Their values are much higher than
those of other investigators at least in part because they are
calculated based on the thicknesses of the dense fibrous lay-
ers of the TM rather than on the overall thickness.

To date, the Young’s modulus of the newborn TM has
not been investigated. Ruah er al. (1991) examined the ultra-
structure of the TM from newborns to adults using electron
microscopy. They observed that with age the TM becomes
less vascular and less cellular, and has more collagen fibers
and elastins. They concluded that age-related changes occur-
ring in the lamina propria of the TM are very similar to
changes observed in the human skin. Although no direct
measurements of the mechanical properties of the TM in
newborns are available, the age-related mechanical proper-
ties of various other collagenous tissues have been studied.
The mechanical properties of collagen are mainly decided by
its density, length, and cross-linking, and by the diameters
and orientations of the collagen fibrils and fibers. The lengths
of collagen fibers also increase with age. It has been reported
that fibers in rat tail tendon increased from 20—100 nm at
four weeks old to 30—200 nm by 1 year old (e.g., Schwarz,
1957). 1t has also been found that collagen density and cross-
links increase with age and that collagen becomes more
aligned with age (e.g., Hall, 1976; Stoltz, 2006). Age-related
Young’s modulus changes of human skin have also been re-
ported. Rollhauser (1950) studied the age-related Young’s
modulus of skin from 3-month-old infants to adults. He
found that the Young’s modulus of skin in adults is approxi-
mately 7-8 times as large as that in infants. Similar results
were reported by Yamada (1970). They found that the
Young’s modulus of skin in adults is about six times as large
as the Young’s modulus of infant skin. Grahame and Holt
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(1969) found that the Young’s modulus of skin increased by
a factor of 2 from 19 years old to 80 years old. Histological
examination of the skin also shows that as the age of the skin
increases the collagen density becomes higher and the col-
lagen fibers become less extensible (Agache et al., 1980).

In this study, three Young’s moduli are used for the TM:
0.6, 1.2 and 2.4 MPa. Consistent with the adult/infant ratios
of 6 to 8 found by Rollhauser (1950) and Yamada (1970), the
0.6 MPa value is several times smaller than a typical small-
strain Young’s modulus from Decraemer e al. (1980); and
2.4 MPa is approximately 8—10 times smaller than the mea-
surement of Békésy (1960) and the large-strain value of De-
craemer et al. (1980).

3. Young’s moduli of ossicles and ligaments

Studies have shown that development of the ossicles
continues after birth. Ossicular weight and size are smaller in
newborns (Olszewski, 1990). It has been reported that a
long, narrow anterior mallear process exists in at least some
newborns (Anson and Donaldson, 1981; Unur et al., 2002).
We observed a long process in our 1-month-old histological
images. We do not see a long process in our 22-day-old
newborn CT scan, probably due to the limited resolution of
the scan.

Yokoyama er al. (1999) studied the postnatal develop-
ment of the ossicles in 32 infants and children, aged from
one day to nine years. They found that the newborn malleus
and incus contain much bone marrow, which is gradually
replaced by bone. They concluded that ossification of the
ossicles takes place after birth until about 25 months.

In this study, the Young’s modulus of the ossicles is
assumed to be 1, 3, or 5 GPa. The value of 5 GPa is at the
low end of the range of the Young’s modulus of bone given
by Nigg and Herzog (1999), and it is approximately 2.5
times smaller than the values used in adult middle-ear mod-
els (e.g., Koike er al., 2002). Similarly, the Young’s modulus
of the ligaments is assumed to be 1, 3, or 5 MPa, which is
approximately 2 to 10 times smaller than typical values used
in human adult middle-ear models (e.g., Koike et al., 2002).
Ligaments were assumed to be hyperelastic. Ossicles were
assumed to have linear material properties due to the high
Young’s modulus.

4. Hyperelastic model

The method is only briefly described here, since a de-
tailed report has been published elsewhere (Qi ef al., 2006).
A polynomial hyperelastic constitutive law was applied,
which allows us to simulate nearly incompressible biological
materials with large deformations. The strain energy is given
by

K

W:Cm(ll—3)+C01(12—3)+5(]—1)2, (1)
where /| and I, are the first and second strain invariants; J is
the volume-change ratio; and « is the bulk modulus. C,y and
Cy, are material constants. Under small strains the Young’s

modulus of the material, E, may be written as
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E=6(Co+Cy) (2)
and the bulk modulus may be written as

3

K=m, (3)

where v is Poisson’s ratio. We assume that the Poisson’s
ratios of the TM and ligaments are 0.48, which is a typical
value used for nearly incompressible soft tissue (e.g., Qi
et al., 2006); and that the Poisson’s ratio of the ossicles is
0.3, a widely used value for bone (e.g. Funnell and Laszlo,
1982). The ratio C;y: Cy, is taken to be 1:1, which has been
widely used for biological soft tissue (e.g., Mendis ef al.,
1995; Samani and Plewes, 2004; Qi et al., 2006); from Eq.
(2), therefore, C;o=Cy=E/12.

The TM volume displacement was calculated by the in-
tegration of the nodal displacements over the entire TM sur-
face using COMSOL.

5. Boundary conditions

The boundary of the TM and the ends of the anterior
mallear and posterior incudal ligaments are taken to be fixed.
The positive and negative static pressures are uniformly ap-
plied to the lateral surface of the TM.

C. Middle-ear cavity

The middle-ear cavity is an irregular, air-filled space
within the temporal bone, and is mainly comprised of four
parts: tympanic cavity, aditus ad antrum, mastoid antrum,
and mastoid air cells (e.g. Anson and Donaldson, 1981). In
the human adult, the middle-ear cavity volume is between
2000 and 22 000 mm? (e.g., Molvar et al., 1978). The air
enclosed in the middle-ear cavity has a compliance that is
proportional to its volume, so the larger the volume of the
trapped air, the larger the compliance. Studies have shown
that the middle-ear cavity may exert significant effects on
middle-ear admittance (e.g., Zwislocki, 1962; Guinan and
Peake, 1967; Funnell and Laszlo, 1982; Ravicz and
Rosowski, 1997; Stepp and Voss, 2005). Ravicz et al. (1992),
for example, estimated that reducing the air volume of the
gerbil middle-ear cavity by 75% would approximately triple
the effective middle-ear input impedance.

The compliance at the TM (Crpy) can be written as

l/CTMZ l/CTOC+ l/CCAv, (4)

where Croc is the compliance of the TM, ossicles and co-
chlea; and Cc,y is the compliance of the middle-ear air cav-
ity [cf. Stepp and Voss, 2005, Eq. (2)]. In our case Cpoc
represents the compliance of the TM, malleus, and incus,
since the stapes and cochlea are not included in our model.
[Note that the compliances Cry, Croc, and Ceay are not
related to the material constants C,, and Cy; in Eq. (1)].
Previous studies have shown that the mastoid grows in
all three dimensions, length, width, and depth, from birth to
adulthood (Eby and Nadol, 1986). However, the volume of
the mastoid in infants has not been quantitatively measured
so far. To the best of our knowledge, only the tympanic cav-
ity has been quantitatively measured in infants. Ikui et al
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(2000) reconstructed 14 normal human temporal bones aged
from 3 months old to adulthood. They reported that the tym-
panic cavity is about 1.5 times as large in adults (about
640 mm?) as in infants (about 450 mm?).

One factor affecting the volume of the middle-ear cavity
in newborns and infants is the presence of residual mesen-
chyme (embryonic tissue of mesodermal origin). It has been
reported that most of the mesenchyme is found in the aditus
ad antrum, the round-window niche and the oval-window
niche (Takahara et al., 1986; Northrop et al., 1986). Northrop
et al. (1986) found that the volume of mesenchyme remained
constant at approximately 72 mm?® in newborns from 20 to
36 days old. They estimated that mesenchyme probably oc-
cupies less than one-tenth of the entire middle-ear cavity.

In this study, the middle-ear cavity volume was esti-
mated based on our CT-scan reconstruction. The mesen-
chyme was excluded from the calculation. The tympanic
cavity alone is approximately 330 mm?, which is smaller
than the reports from Ikui et al. (2000). This is consistent
with the fact that our subject was a 22-day-old while their
subjects were about 3 months old. It is very difficult to ac-
curately estimate the entire middle-ear cavity volume be-
cause the mastoid antrum and some air-cell spaces have very
complicated shapes that are difficult to delineate accurately
in the CT images. Based on an approximate segmentation of
all but the smallest spaces, the combined volume of the adi-
tus ad antrum, the mastoid antrum, and the mastoid air cells
in our scan was estimated to be between 400 and 600 mm?.
The total middle-ear cavity volume is thus between 730 and
930 mm?. For the model we have thus used minimum and
maximum middle-ear cavity-volume parameter values of
700 mm? and 1000 mm?, respectively.

D. Tympanometry measurements

The multifrequency tympanometry data for well babies
presented here are based on measurements from Shahnaz
et al. (2008). Sixteen full-term healthy 3-week-olds partici-
pated in the study. All infants passed a hearing screening at
birth and again at 3 weeks of age. Multifrequency tympa-
nometry was done in both ears of 15 out of 16 subjects, and
in the right ear of the remaining subject. Tympanograms
were recorded in the 31 ears using the Virtual 310 system
with the extended high-frequency option. The admittance
magnitude and phase were recorded at nine frequencies (226,
355, 450, 560, 630, 710, 800, 900 and 1000 Hz). The sus-
ceptance and conductance were derived from the measured
magnitude and phase. The pump rate was 125 daPa/s and
the pressure was varied from +250 to —300 daPa (1 daPa
=10 Pa). For a more detailed description see Shahnaz et al.
(2008).

We use the following equations to calculate equivalent
volumes (Shanks et al., 1993) from the susceptance tails [Eq.
(5)] and from the admittance tails [Eq. (6)] respectively:

., 1000
VB* = p*

e f1226° )
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where Vfai and V:ai represent the equivalent volume (mm?)
calculated from the positive or negative susceptance or ad-
mittance tail; B* and Y™ are the susceptance and the admit-
tance magnitude at the positive (+) or negative (-) tail, re-
spectively; and f is frequency (Hz). It should be noted that
Eq. (6) is valid only when the conductance (the real part of
the admittance) is zero. For newborns, the equivalent volume
calculated from Eq. (6) may include significant errors due to
nonzero conductance at the tails. In this study, however, the
model results are compared with the difference between the

equivalent volumes at the two tails (AVZ A VY), calculated
as
AVE = VB B (7)
AVey= Ve = Vey (8)

As discussed in Sec. IV below, in newborns the conduc-
tances at the two tails are almost equal and therefore almost
cancel each other.

lll. RESULTS
A. Model displacements

Convergence tests were conducted to investigate how
many elements should be used in the model. A nonuniform
mesh was created. Four different resolutions were compared.
The TM has nominal numbers of elements per diameter of
80, 120, 160, and 200, respectively. The ossicles and liga-
ments have nominal numbers of elements per diameter of 20,
40, 60, and 90, respectively. We found that the difference in
TM volume displacement is less than 1.7% between the
model with 160 elements/diameter for the TM and 40
elements/diameter for the ossicles and ligaments and the
model with 200 elements/diameter for the TM and 90
elements/diameter for the ossicles and ligaments. Thus, the
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FIG. 2. Simulated displacement pat-
terns for static pressures of 100,
+1000 and *3000 Pa. Lighter colors
represent larger values.

former model (160 and 40 elements/diameter) was selected
for further simulations. The model has a total of 12 815 ele-
ments, 9250 of which belong to the TM.

Our simulations show that varying the Young’s modulus
of the ossicles and ligaments has little effect on the TM
volume displacements. The changes of the TM volume dis-
placements are less than 3% when the Young’s modulus of
the ossicles increases from 1 to 6 GPa. The changes of the
TM volume displacements are less than 6% when the
Young’s modulus of the ligaments increases from 0.6 to
6 MPa.

Figure 2 shows the model displacement patterns corre-
sponding to different static pressures under open-cavity con-
ditions. The location of the maximum displacement moves
when the pressures are changed, which agrees with observa-
tions in human adult middle-ear measurements (Dirckx and
Decraemer, 1991). At low pressures (=100 Pa), the negative
and positive displacement patterns are similar, with the maxi-
mum displacements in the antero-superior quadrant. When
pressures are increased, the negative and positive displace-
ment patterns become significantly different from each other.
At the extreme positive pressure, the maximum displacement
occurs inferiorly. At the extreme negative pressure, however,
the maximum displacements occur anteriorly and posteriorly.

B. Middle-ear cavity effects on TM volume
displacement

Our finite-element model does not explicitly include the
middle-ear cavity. We use Boyle’s Law to estimate the ef-
fects of the cavity volume on TM volume displacements.
Details are given in the Appendix.

Figure 3 compares the model TM volume displacements
corresponding to different Young’s moduli of the TM under
open and closed-cavity conditions (700 mm?), and the TM
volume displacement measured in adults (Elner et al., 1971;
Dirckx and Decraemer, 1991). The TM volume-displacement
curves are nonlinear, with larger slopes for low pressures
than for high pressures; and asymmetrical, with larger dis-
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FIG. 3. Simulated TM volume displacements as functions of pressure, for
different TM Young’s moduli, for both open middle-ear cavity and closed
middle-ear cavity (700 mm?), and experimental volume displacements mea-
sured in human adults from Dirckx and Decraemer (1992), Table VI and
Elner er al. (1971), Table III, respectively. Dirckx and Decraemer (1992)
gave middle-ear cavity pressures rather than canal pressures, so their curve
has been reversed.

placements for negative pressures, which agrees with adult
TM measurements (Dirckx and Decraemer, 1991; Elner
et al., 1971). The form of the observed nonlinearity is deter-
mined by a combination of the material nonlinearity [ex-
pressed by Eq. (1)] and geometric nonlinearities resulting
from the large deformations.

Our simulation results indicate that, from =3 to +3 kPa,
the TM volume displacements are approximately 27, 32, and
35 mm® when the middle-ear cavity volume is 700 mm?; and
approximately 46, 60, and 75 mm?® under open-cavity condi-
tions, corresponding to Young’s moduli of the TM of 2.4,
1.2, and 0.6 MPa. The closed middle-ear cavity significantly
reduces the TM volume displacements, and also reduces the
degree of nonlinearity and asymmetry of the TM volume
displacement. The TM volume displacements under open-
cavity conditions are about 1.7-2.2 times as large as those
under closed-cavity conditions with a volume of 700 mm?.
The simulated TM volume displacements under open-cavity
conditions show an asymmetry similar to that of the volume
displacements measured in adults, with larger volume dis-
placements at negative pressures.

Figure 4 compares the TM volume displacements be-
tween -3 and 43 kPa when the middle-ear cavity is
700 mm?, 1000 mm?>, and open. When the middle-ear cavity
volume increases, the TM volume displacement increases,
and the nonlinearity and asymmetry of the TM volume dis-
placement increase as well. When the cavity volume in-
creases from 700 to 1000 mm? (an increase of about 43%),
the TM volume displacements increase by approximately
16%, 20%, and 22% for TM Young’s moduli of 2.4, 1.2, and
0.6 MPa, respectively. When the cavity volume increases
from 1000 mm?> to the open situation (infinitely large), the
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FIG. 4. Simulated TM volume displacements between —3 and +3 kPa, for
different middle-ear cavity volumes (700, 1000 mm® and open cavity).

TM volume displacements increase by 50%, 81%, and 88%
for TM Young’s moduli of 2.4, 1.2, and 0.6 MPa, respec-
tively.

C. Comparisons with tympanometric data

To date, no direct measurements of newborn TM dis-
placements have been made. Thus, in this section we shall
compare our simulation results with two sets of tympanomet-
ric equivalent-volume differences, one calculated from
3-week-olds (Shahnaz et al., 2008) and the other calculated
from healthy infants and NICU infants aged from 1 day to 2
months old (Margolis er al., 2003).

1. Equivalent-volume differences from Shahnaz et al.

The equivalent-volume difference (AV®) between the

positive tail (+2.5 kPa) and the negative tail (-2.75 kPa) was
derived from susceptances using Eq. (7) in 16 3-week-olds
(Shahnaz et al., 2008). Figure 5 shows the AVCBa (median and
25th and 75th percentiles) for left and right ears combined.
As shown in the figure, the medians of AV® in newborns
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FIG. 5. Equivalent-volume differences (median and 25th and 75th percen-
tiles) between susceptance tails from study of Shahnaz et al. (2008).
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stay almost constant over the entire frequency range. The
median AV, across frequencies is about 132 mm?.

Our simulation results indicate that from -2.75 to
+2.5 kPa the TM volume displacements, corresponding to a
Young’s modulus of the TM of 2.4, 1.2 or 0.6 MPa, were
approximately 24, 28, and 31 mm?® for a middle-ear cavity
volume of 700 mm?, and 28, 34, and 38 mm?® for a cavity

volume of 1000 mm?.

2. Equivalent-volume differences from Margolis et al.

Margolis et al. (2003) investigated the 1 kHz admittance
both in 46 ears of 30 full-term healthy newborns (aged 2—4
weeks) and in 105 ears of 65 NICU newborns (aged 3.9+ 3.8
weeks, mean=*SD). The equivalent-volume difference
(AV;) between the positive tail (+2 kPa) and the negative
tail (-4 kPa) was derived from the admittance using Eq. (8).
The median AVY at 1000 Hz is 158 and 136 mm? for NICU
newborns and healthy full-term newborns, respectively.

Our simulation results indicate that from —4 to +2 kPa
the TM volume displacements, corresponding to a Young’s
modulus of the TM of 2.4, 1.2 or 0.6 MPa, were approxi-
mately 28, 33, and 36 mm?® for a middle-ear cavity volume
of 700 mm?>, and 33, 39, and 44 mm? for a cavity volume of
1000 mm?.

The predicted TM volume displacements calculated for
the NICU newborns are larger than those calculated for the
healthy newborns. This may be caused by the age difference
between the two groups. The healthy-newborn ages were
from 2 to 4 weeks, while the NICU-newborn age distribution
was 3.9+ 3.8 weeks (mean = SD). A larger number of very
young infants in the NICU group might account for the
larger median AV,, in that group.

3. Comparison

In both cases the simulation results are lower than the
median equivalent-volume differences calculated from tym-
panometric measurements. This is consistent with the fact
that the experimental equivalent-volume changes include
contributions from the movements of the ear-canal wall,
probe tip, and tympanic ring as well as the TM. This will be
further discussed below.

IV. DISCUSSION AND CONCLUSIONS

A nonlinear hyperelastic model of the newborn middle
ear is presented and compared with tympanometric data. For
static pressures from —3 kPa to +3 kPa, the simulated TM
displacements and volume displacements are nonlinear.

In our simulations, the TM volume displacements show
considerable asymmetry under open-cavity conditions, with
larger displacements for negative pressures. Adult human
TM volume displacements also displayed asymmetry in the
measurements of Dirckx and Decraemer (1992), which were
conducted under open-cavity conditions, and in the measure-
ments of Elner et al. (1971), which were conducted under
closed-cavity conditions. The similarity between the mea-
surements of Dirckx and Decraemer and those of Elner et al.
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suggests that in adults the middle-ear cavity volume gener-
ally has little effect on the TM volume displacement. This
does not appear to be true for newborns.

Our simulated TM volume displacements are nearly
symmetrical under closed-cavity conditions, as shown in Fig.
3. The reason for the near symmetry under closed-cavity
conditions is that the newborn cavity is relatively small, so
Ccay is relatively low, which leads to smaller displacements.
This means that the TM is not driven into its nonlinear range.
This is similar to the way that the nonlinearities decrease
when Young’s modulus increases: The system is still intrin-
sically nonlinear but it is not pushed so far into the nonlinear
range.

The effects of cavity volume on TM volume displace-
ments increase as the Young’s modulus of the TM decreases.
As shown in Fig. 4, when the volume of the middle-ear
cavity increases from 700 to 1000 mm?, the TM volume dis-
placements increase by 16%, 20%, and 22% when the
Young’s modulus of the TM is 2.4, 1.2, and 0.6 MPa, respec-
tively. Similarly, when the volume of the middle-ear cavity
increases from 700 mm? to infinitely large (the open-cavity
condition), the TM volume displacements increase by 70%,
91%, and 117% when the Young’s modulus of the TM is 2.4,
1.2, and 0.6 MPa, respectively. This is to be expected be-
cause when the Young’s modulus of the TM decreases,
1/Croc decreases and the ratio of 1/Ccpay to 1/Croc in-
creases.

Our simulations show that the Young’s modulus of the
TM has a significant effect on the TM volume displacement,
as shown in Figs. 3-5. The effect is more pronounced for a
larger middle-ear cavity. As the Young’s modulus of the TM
decreases from 2.4 to 1.2 MPa and then to 0.6 MPa, the TM
volume displacements increase by approximately 19% and
10% when the middle-ear cavity is 700 mm?®; by approxi-
mately 23% and 12% when the middle-ear cavity is
1000 mm?®; and by approximately 44% and 15% when the
middle-ear cavity is open.

The simulated TM volume changes do not reach a pla-
teau when the pressure is varied to either —3 kPa or +3 kPa,
which is consistent with the nonflat tails often found in sus-
ceptance tympanograms in newborns (e.g., Paradise et al.,
1976; Holte et al., 1990). The failure of the model to reach a
plateau is also consistent with the report by Shanks and Lilly
(1981) that even at pressures of +2 and —4 kPa the adult
middle ear is not rigid.

The tail-to-tail equivalent-volume differences shown in
Fig. 5 consist of two components: (1) the actual air-volume
change in response to the static pressure, corresponding to
the static displacement of the ear-canal wall, the TM and the
probe tip; and (2) a component due to the vibration of the
canal wall and TM in response to the probe tone. The actual
air-volume change should be independent of frequency,
while the vibration-related component is presumably depen-
dent on frequency. Both our previous newborn ear-canal
model (Qi et al., 2006) and the current middle-ear model
under closed-cavity conditions predict nearly symmetrical
nonlinear responses, which suggests that the vibrations at the
extreme positive and negative pressures are similar. In that
case, their effects will tend to cancel when subtracting either
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FIG. 6. Comparison of simulated TM volume displacements, for different cavity volumes, with the equivalent-volume differences in 3-week-old newborns (a),

and with the equivalent-volume differences in NICU and healthy newborns (b).

admittances or susceptances and the AV, will be mainly
determined by the actual volume change (Qi et al., 2006). In
our analysis of the data of Shahnaz et al. (2008), shown in
Fig. 5, the median AV, varies little across the entire fre-
quency range, which is consistent with interpreting the
equivalent-volume difference as the actual volume change.
(Tt should be mentioned, however, that tail-to-tail equivalent-
volume differences calculated for human adults may have a
significant vibration-related component, given the asym-
metrical TM volume displacement in adults.)

Based on our previous ear-canal model (Qi et al., 2006),
when the Young’s modulus of the ear-canal wall is 30, 60,
and 90 kPa, the simulated canal-wall volume displacement is
101, 53, and 37 mm?, respectively, from —2.75 to +2.5 kPa.
Subtracting these canal-wall volume displacements from the
median equivalent-volume change of 132 mm® obtained
from the tympanometric data of Shahnaz et al. (Sec. I C 1)
yields predicted TM volume displacements of about 31, 79,
and 95 mm?, respectively.

For use with the data of Margolis et al. (2003), the pres-
sure response of our canal model has been extended from -3
to —4 kPa. The resulting simulated canal-wall volume dis-
placements, for Young’s moduli of 30, 60, and 90 kPa, are
109, 56, and 42 mm?, respectively. Again subtracting the
simulated canal-wall volume displacements from the median
tympanometric equivalent-volume differences (Sec. III C 2),
we obtain predicted TM volume displacements of 48, 101,
and 115 mm?> for NICU newborns and 27, 77, and 94 mm?
for healthy full-term babies.

In Fig. 6, parts a and b compare the TM-model volume
displacements under closed-cavity (700 and 1000 mm?) and
open-cavity conditions with the TM volume displacements
predicted by combining our canal-model results with the
measurements of Shahnaz et al. (2008) and Margolis et al.
(2003), respectively.

In an attempt to obtain an estimate of canal-wall dis-
placement separate from that of the TM, we note that Marg-
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olis et al. (2003) recommended using the peak-to-negative-
tail difference of admittance at the 5th percentile as a pass-
fail criterion for conductive hearing loss. Since middle-ear
effusion (MEE) is the most common cause of conductive
hearing loss in newborns, we suppose that the pass-fail cri-
terion can be used as a criterion for MEE. For newborns with
MEE, the TM cannot move as freely as usual and the admit-
tance of the middle ear may be nearly zero. As a result, the
equivalent-volume difference (AV,,) between the two tails
would be mainly due to the canal-wall, tympanic-ring and
probe-tip movement. The AV,, at the 5th percentile of Mar-
golis et al. is 113 mm?>. This is close to the maximum canal-
wall volume displacement of 109 mm? predicted by our ca-
nal model, when the Young’s modulus of the ear-canal wall
is 30 MPa. In that case, the closed-cavity TM-model volume
displacements are close to the minimum TM volume dis-
placements predicted from the canal model. Note that the
TM volume displacement predicted from our canal model
actually also includes any volume displacements due to
tympanic-ring and probe-tip movement. Thus, on the one
hand, if we adopt the lowest Young’s modulus (30 MPa) for
the canal-wall model then the predicted canal-wall and TM
volume displacements match the total volume displacements
obtained from the tympanometric data. On the other hand, if
the canal wall is stiffer, then we would predict some addi-
tional volume displacement due to the tympanic ring and
probe tip. The fact that 113 mm? is a large fraction of their
median AV, values of 136 mm® and 158 mm? is consistent

TABLE 1. Three sets of answers for initial cavity volume=700 mm® and
canal pressure=1 kPa.

v, P, AP AV
Answer 1 720554 971475 3852.52 20.5539
Answer2 157314 0.444972 0.455072E7  715.731
Answer 3 694.647  100771.0 229.475 5.35243
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TABLE II. TM volume displacements for initial cavity volume=700 mm?.

Pressure (Pa)

Young’s
modulus (MPa) -3000 —-2000 —-1000 1000 2000 3000
2.4 -14.44 -10.26 -5.55 5.35 9.07 12.09
1.2 -17.04 —-12.16 —-6.61 5.93 10.46 14.26
0.6 —-18.86 -12.97 —-6.90 6.23 11.26 15.60

with our model-based prediction that the canal-wall volume
displacement makes a major contribution to the total canal
volume change. The relative contributions of these different
components clearly depend strongly on the corresponding
material properties, especially stiffnesses and TM thick-
nesses. Further work is required in order to further constrain
estimates of the Young’s moduli, and the effects of current
simplifications such as the rigidity of the incudomallear joint
and the uniform TM thickness in each quadrant should be
explored.

As a first step in modeling the newborn middle ear, our
results show that the volume of the middle-ear cavity and the
Young’s modulus of the TM have significant effects on the
TM volume displacement. It is not clear whether the volume
displacement of the probe tip and tympanic ring make sig-
nificant contributions to the total volume change. It will be
necessary to combine the ear-canal and middle-ear models
and to incorporate the tympanic ring and the probe tip. Mod-
eling the small-amplitude dynamic response of the ear canal
and middle ear to the probe tone, and then combining that
with the nonlinear static response modeled here, will permit
a complete model of tympanometry in newborns.
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APPENDIX: CALCULATION OF EFFECTS OF MIDDLE-
EAR CAVITY ON TM VOLUME DISPLACEMENT

Our finite-element model does not include the effects of
the middle-ear cavity. In order to estimate the effects of the
cavity on TM volume displacement, we start with Boyle’s
law, assuming that temperature is constant because the pres-
sure changes are slow (cf. Elner et al., 1971):

PoVo=PiVy, (A1)

where P, (in Pa) is the initial pressure in the middle ear
(atmospheric pressure, 10° Pa); V, (in mm?®) is the initial
middle-ear cavity volume, before the TM is displaced; and
P, and V| are the final pressure and volume in the middle
ear. Suppose that overpressure p is applied in the ear canal.
The pressure difference across the TM is then

AP=Py+p-Py, (A2)
and the TM volume displacement is
AV= VO_VI' (AS)

The relationship between AP and AV is defined by our
finite-element model, as shown in Fig. 3. The relationship is
strongly asymmetrical, but on each side of the origin it can
be approximated by using a second-order polynomial equa-
tion. Therefore, for the purpose of calculating the effect of
the closed middle-ear cavity, we represent the relationship by

AP =aAV? +bAV, (A4)

where a and b are fitted coefficients. The coefficients a and b
in Eq. (A4) were estimated using the least-squares method
(Gnuplot version 4.0, http://www.gnuplot.info). The coeffi-
cients were estimated separately for the positive-pressure and
negative-pressure parts and for each of the three TM Young’s
modulus values. Therefore, six sets of a and b were esti-
mated.

Given Py, V,, p, a and b, we have four simultaneous
equations (A1)—(A4) and four unknowns (P, V,, AP and

TABLE III. TM volume displacements for initial cavity volume=1000 mm?>.

Pressure (Pa)

Young’s
modulus (MPa) -3000 -2000 —-1000 1000 2000 3000
2.4 -17.14 —-12.49 -7.01 6.50 10.53 13.72
1.2 -20.81 -15.31 -8.74 7.52 12.65 16.81
0.6 -23.40 -16.82 -9.37 8.11 14.02 18.90
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AV). The computer-algebra system Axiom (http://axiom-
wiki.newsynthesis.org) is used to solve the system of equa-
tions either symbolically or numerically.

If we adopt some specific values for the given param-
eters, e.g., P0=105, V=700, p=1000, a=8.89, and b=-4.7,
then we can solve the set of Egs. (Al1)-(A4) numerically
using the Axiom solve command. Since the solution to the
set of equations involves a cubic equation, we obtain three
sets of answers, as shown in Table 1. Since we know that
AV>0 and AV<YV,, only one answer is physically reason-
able. Thus we see that, for these particular values for P, V,,
a and b, the TM volume displacement is approximately
5.35 mm® when the canal pressure p is 1 kPa.

The results for two different initial middle-ear volumes
(700 and 1000 mm?) are given in Tables II and III for six
different pressures (* 1000, 2000 and *3000 Pa) and three
different values of TM Young’s modulus (0.6, 1.2 and
2.4 MPa). Only the physically reasonable solutions are
shown in Tables II and III.
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