B McGill | st

Hanif M. Ladak, Willem F. Decraemer, Joris J. J. Dirckx, & W. Robert J.
Funnell

Response of the cat eardrum to static pressures:
Mobile versus immobile malleus

Published in:
Journal of the Acoustical Society of America, 116, 3008 (2004)

Copyright (2004) Acoustical Society of America. This article may be
downloaded for personal use only. Any other use requires prior
permission of the author and the Acoustical Society of America.

doi:10.1121/1.1802673
http://scitation.aip.org/content/asa/journal/jasa/116/5/10.1121/1.1802673

Uploaded to eScholarship@McGill on 10 June 2015. All items in eScholarship@McGill are protected by
copyright with all rights reserved unless otherwise indicated.



Response of the cat eardrum to static pressures: Mobile versus
immobile malleus

Hanif M. Ladak®
Department of BioMedical Engineering, McGill University, Moraréi3A 2B4, Canada

Willem F. Decraemer and Joris J. J. Dirckx
Laboratory of BioMedical Physics, University of Antwerp, Antwerpen B-2020, Belgium

W. Robert J. Funnell®
Departments of BioMedical Engineering and Otolaryngology, McGill University,
Montreal H3A 2B4, Canada

(Received 18 February 2004; revised 9 August 2004; accepted 12 August 2004

A phase-shift shadow moiliaterferometer was used to measure the shape of the cat eardrum with

a normal mobile malleus and with an immobile malleus as it was cyclically loaded with static
middle-ear pressures up th 2.2 kPa. The shape was monitored throughout the loading and
unloading phases, and three complete cycles were observed. The mobile-manubrium measurements
were made in five ears. In three ears, the malleus was then immobilized with a drop of glue placed
on the head of the malleus. Eardrum displacements were calculated by subtracting shape images
pixel by pixel. The measurements are presented in the form of gray-level full-field shape and
displacement images, of displacement profiles, and of pressure-displacement curves for selected
points. Displacement patterns with a mobile malleus show that pars-tensa displacements are larger
than manubrial displacements, with the maximum pars-tensa displacement occurring in the posterior
region in all cats except one. Displacements vary from cycle to cycle and display hysteresis. For
both the mobile-malleus and immobile-malleus cases, the eardrum response is nonlinear. The
response is asymmetric, with lateral displacements being larger than medial displacements. With a
mobile malleus, manubrial displacements exhibit more pronounced asymmetry than do pars-tensa
displacements. ©€2004 Acoustical Society of AmericdDOI: 10.1121/1.1802673

PACS numbers: 43.64.H8LM ] Pages: 3008—-3021

I. INTRODUCTION interferometer. With this noncontacting optical device, the
_ . shape of a human cadaver eardrum was measured in re-

Static pressure differences across the eardrum occur igponse to a sequence of positive and negative static middle-
everyday life. They can, for example, be caused by atmoear pressures. Since then, mdireerferometry has also been
spheric pressure changes felt in an elevator or airplane befoigsed to measure the static mechanical response of the cat
the Eustachian tube opens to equilibrate the middle ear t@ardrum(Decraemer and DierX, 1991, Stoffe|sl 1993, Fun-
ambient pressure. It is a common experience that, when thee|| and Decraemer, 199@nd of the gerbil eardrunivon
Eustachian tube function is impairéé.g., due to a cold  yngeet al, 1993, 1999; Dirckwet al, 1998; Dirckx and De-
these pressure differences increase the hearing threshold E%\emer, 20011 Parnest al. (1996 used electronic speckle-
decreasing the transmission of sound energy across theyern interferometry to measure the response of the ear-
middle ear. Since the eardrum is a significant determinant ofj,,m to static pressures, and Vorwerkal. (1998 recorded
the transmission characteristics of the middle ear, it is imporiye motion of the human eardrum in response to quasistatic
tant to understand its response to large static pressures. pressures using an endoscope and a video-recording system.

Most experimental work on the mechanical behavior of All of the above experiments were performed with an
the eafdr“”_‘ concentrates on its dy”f?‘m'c response. IN COMiact middle ear; however, for purposes of modeling static
trast, very little work has focused on its static response, aléardrum response, it is also useful to study its mechanical

though pecause of te_chnologlcal I|m|tat|o_ns early 'nve.St'ga'response in isolation from middle-ear structures such as the
tors tried to elucidate the acoustical transmission

. : . ossicles and ligaments, by immobilizing the ossicles. Quan-
characteristics of the eardrum using static pressiess., 9 y 9 Q

Kessel, 1874; Dahmann, 1980 he first full-field quantita- futatlve_data on static eardru_m d!splace_ment patterns_W|_th an
. : : immobile malleus would simplify refinement of existing
tive measurements of static eardrum displacement patterns

computer models of the eardrum. In many such motets,

(Dirckx, 1990; Dirckx and Decraemer, 1991; DecraemerF Il and Laszlo. 19 i de about th
et al, 1991 were done using a phase-shift shadow moire unnell and Laszlo, JBassumptions are made abou e,
material properties of the eardrum. For instance, the Young's

5 modulus, or stiffness, of the eardrum is assumed to be con-
Present address: Department of Medical Biophysics, Medical Sciencegtam over its surface. With the availability of experimental
Building, The University of Western Ontario, London N6A 5C1, Canada. ) . L y p
Electronic mail: hladak@uwo.ca data,_ one _com_JId use numerlcal_optlmlzatlt_)n techniques to _de—

PElectronic mail: robert.funnell@mcgill.ca termine distributions of material properties over the entire

3008 J. Acoust. Soc. Am. 116 (5), November 2004 0001-4966/2004/116(5)/3008/14/$20.00 © 2004 Acoustical Society of America



£
~ 3 L
> 05
4t o E
e}
Q
= 05

X (mm)

FIG. 1. Gray-level image of resting shape of eardrum of cat MY1216L. The thick white line encloses the visible portion of the eardrum. The (R¥3,tensa
manubrium(M), and pars flaccidéPP are outlined, and the surrounding bony tissue is indicéBdThe dot indicates a point on the pars tensa for which
pressure-displacement curves are later plotted. The ant@udy, posterior(Pos}, inferior (Inf), and superio(Sup directions are also indicated. These
anatomical directions are approximate. The cat eardrum is actually tilted, so the pars flaccida is both posterior anddsupafiand the manubrium runs

in the antero-inferior to postero-superior direction. The bottom panel shows a horizontal profile through the umbo, and the leftmost panel stoalvs a ver
profile through the umbo. The locations of the profiles are shown on the image by dotted lines 1 and 3; line 2 is referred to later in the text. The umbo is
located at the intersection of lines 1 and 3. The mediééd) and lateral(Lat) directions are indicated for the profiles. Solid profiles are after phase
unwrapping with the coarse grating to determine the height of true jisggsSec. Il £ whereas dotted profiles are after phase unwrapping but without using

the coarse grating. The arrows indicate the locations of true jumps caused by overhanging ear-canal tissue.

surface of the eardrum. This would involve systematicallylines and forms a moirénterference pattern when viewed
adjusting the material properties until predicted displacementhrough the original grating. The moiiaterference images
patterns match measured ones. Immobilizing the malleuare recorded using a CCD camera and frame store. Four
would allow one to perform the optimization without having phase-shifted images are obtained by translating the object
to take into account the additional complexity of the me-being measured away from the grating. The four images are
chanical loading effects of the ossicular chain on the eareombined mathematically, pixel by pixel, to form a single
drum. Indeed, computer simulations of the eardrum with arshape image in which the value of each pixel is proportional
immobile malleus have previously been used to study theo thez coordinate of a point, and the column and row num-
effects of individual eardrum shape differences on the earpers of the pixel are proportional to tleandy coordinates,
drum mechanical responsBunnell and Decraemer, 1906 respectively. Mathematical details of the method can be
The dynamic response of the eardrum has been studied efgund elsewheréDirckx et al, 1988. The phase-shift moire
perimentally under this condition in order to understand theapparatus used in this work has been described previously
effects of 0t0$C|erOSi$Marg0|iS et al, 1978; Naito, 1990; (Dirckx and Decraemer, 19$-9The depth_measuring resolu-
von Ungeet al, 1991, but no such experiments have beention of the interferometer is 2@m, and the spacings be-
reported for the static response. tween pixels along the andy axes are 46 and 32m,

The objective of this work was to measure the responsgespectively.
of the cat eardrum to a sequence of static pressures before ag gn example, Fig. 1 shows a gray-level image repre-
and after immobilizing the malleus. Complete loading/senting the “resting shape” of the eardrum of cat MY1216L.
unloading cycles were measured repeatedly under both cofe resting shape is defined as the shape measured at the

ditions. very start of a set of measurements with no pressure being
applied. The gray levels in this image vary from black
II. METHODS (points furthest from the readeto white (points closest to

the reader The darker central region enclosed by the thick
white line is the eardrum, whereas the lighter region sur-
The shape of the eardrum is measured using phase-shifbunding it(B) represents the bony part of the ear canal. The
shadow moireinterferometry. In the moiremethod, the areas of the eardrum corresponding to the pars téP%a
shadow of a grating consisting of parallel lines is cast ontgars flaccidaPF), and manubriuniM) are roughly outlined
the surface to be measured. The shadow is a set of deforméy white lines. The large black area to the right of the pars

A. Apparatus
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flaccida is a region of bone that is far from the referenceage to a hard disk, takes 45 s. A shape measurement is made
plane of the moiranterferometer, and therefore not imaged 5 s after the pressure is adjusted to a new level. This ensures
correctly. A vertical profile through the umbo is shown to thethat both pressure and eardrum shape have stabilized. Once
left of the image, and a horizontal profile through the manu+the eardrum shape is measured at a given level, the pressure
brium is shown at the bottom. The locations of the profilesis immediately changed to the next level. All three cycles are
are shown on the image by dotted lines 1 and 3. The umbo isieasured in immediate succession with no pauses in be-
located at the intersection of these two lines. tween. Once all three cycles have been measured, the grating
Note that there is no specific relationship between thes replaced by a coarser one having a pitch of 0.8 lines/mm,
columns and rows in the image and the anatomy. Howevegnd a single unpressurized shape measurement is made. As
in all of the images acquired in this work, the manubriumexplained in Sec. Il E, the last measurement with the coarse
was generally oriented to be approximately parallel toxhe grating is used as a guide for “phase unwrapping.” The time

axis, i.e., it was parallel to the rows in the image. required to measure all three cycles and the shape with the
coarser grating is about 1.25 h. A total of 86 shape measure-
B. Specimen preparation ments is made: 85 using the fine grating, and one using the

. coarse grating.
Measurements were made on five fresh temporal bones

obtained from adult catéMY0923R, MY1216L, MY1630L,

MY1721L, MY2626L), which had been used for purposes

unrelateq to the _aud?tqry system. The cats were sacrificegl Mallear fixation

with an intracardiac injection of pentobarbital Na solution ) .

(60 mg/kg body weight The temporal bones were removed For three qf the five specimens, after measyrements had
from the cats approximately 15—30 mjost mortemWhen been made with a mobile malleus, the specimen was re-
the temporal bones were removed, the auditory and facidP©ved from the apparatus and the malleus was fixed to the
nerves were cut. The bulla and petrous bones were intact. Ngiddle-ear wall.(In one of the five cats, the malleus could
holes were introduced into the middle ear, as evidenced bt Pe fixed, and one other was used to investigate the effects
the ability to maintain a constant pressure in the middle-eaPf measurement time as discussed bedvsmall hole is

space during the measurement procedure, which is describ&giled in the middle-ear wall superior to the pars flaccida. In
in the next section. this region, the mallear neck and head are separated from the

In order to provide a good view of the eardrum, the earddjacent middle-ear wall by a smgll gap. Once the maI_Ieus is
canal is resected to within 1 mm of the eardrum. Since th&XPosed, a small drop of gluéoctite 406 cyanoacrylajés
moire technique requires a diffusely reflecting surface, thePlaced on its head to fix the malleus to the intact portion of
lateral surface of the eardrum is coated with a thin uniformth® middle-ear wall. The glue is placed on the mallear head
layer of drawing ink(Pelican Drawing Ink A, 18 White when it is somewhat viscous so that it does not run onto the
This ink does not significantly affect the mechanical re-€ardrum. This particular glue cures within seconds, which is
sponse of the eardrurtDirckx and Decraemer, 1997In much less than the time required to place the specimen back
order to apply pressures to the middle-ear cavities, a smalfl the moireinterferometer. Once the glue is completely dry,
hole is drilled in the middle-ear wall, and a plastic tube forth€ hole is sealed airtight with dental cement. When the
applying pressures is glued to the hole using Loctite 40@niddle ear is exposed to air, as in this procedure for fixing

cyanoacrylate, which provides an airtight connection. Théne malleus, the mucosal lining can dry ddonndorf and
specimen is then placed in the moapparatus. Total prepa- Khanna, 1972 To prevent desiccation of the lining while the
ration time is about 2.50t3 h for a single specimen. malleus is being fixed, the above manipulations are done in

the mist of a humidifiefDefensor 50k The mist was used
to keep the outer surface of the bone moist and did not enter
the middle-ear cavity. At the output of the humidifier, the
Three cycles of pressure are applied to the eardrummist formed a cloud with a diameter of approximately 30 cm,
Each cycle starts from re§te., zero pressure in the middle- and the temporal bone was held in the middle of this cloud
ear cavities and involves loading the eardrum by applying with the eardrum facing away from the output of the humidi-
positive middle-ear pressures in the order 0.1, 0.2, 0.4, 0.Tier.
1.1, 1.6, and 2.2 kPa, then unloading back to 0 Pa in the Once the malleus is fixed, the specimen is remounted in
reverse order. The eardrum is then loaded by applying negdhe moireapparatus, and its response to static pressures is
tive middle-ear pressures in the same order and unloaded measured again as outlined in the previous section. The total
the reverse order. The pressure values used in this expetime to fix the malleus and remount the specimen is 1.5 to
ment cover the pressure range normally encountered in e h. No leaks were detected around the sealed hole during
eryday life. We shall see that the displacement of the earsubsequent pressurized shape measurements.
drum levels off at the extreme applied pressures, so that the In one of the five specimendY1721L), the malleus
entire displacement range is covered. was not fixed. Instead, after the first set of shape measure-
At each step in a cycle, the pressure is maintained at enents was made, the specimen was left in the apparatus for
constant value, and eardrum shape is measured using tReh, and shape measurements were then repeated. This speci-
moire apparatus with a grating having a pitch of 4 lines/mm.men served as a control to assess changes in specimen shape
A single shape measurement, including time to save the imand response with time.

C. Measurement procedure
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E. Phase unwrapping images—are subtle. The measurement with the coarse grat-
ing simply serves as a guide for correcting unwrapped im-

The z values at each pixel in a moishape image are d with the f i The i d
computed as phase angles derived from the four phast?—ges measured with the fine grating. The image measure
with the coarse grating is used to correct the first image

shifted moireinterference images, and the result is therefore d with the fi tina b L tchi f th
“wrapped” into the range O to\, where\ is the size of the measured wi € fine grating by pairwise matching ot the

ambiguities that must be unwrapped. The value.§ ob- images: image 1 is compared with the one measured with the

tained by calibration of the moiraterferometexDirckx and coarse grating pixel t.’y pixel and' mteger multl'ples)\ofare
Decraemer, 1990 The z coordinates in the wrapped shape added to the former image to minimize the differences be-

image must be “unwrapped” to produce a shape image suchveen the two images. Once image 1 is corrected, it is used

as the one in Fig. 1. The unwrapping is done by addingto correct image 2. Once image 2 is corrected, it is used to

multiples of A where required. For the measurements re.correctimage 3, and so on until all 85 images measured with

ported here with the fine grating of 4 lines/mmn, thetﬁgg ?rr]:_:mngdhav_e befr:e corrggte;j. cme |mag(ta)st\?vre cor-
=0.74 mm. A two-step procedure is used to unwrap thd €Cted In this order since tiecoordinate ditterence between

wrapped images measured with the fine grating. First eachfV0 Images with different pressures may well be greater than

wrapped image is unwrapped using an automatic methof} unless the pressures are _close togethgr. .
(Dirckx et al, 1988; Dirckx, 1990; Funnell and Decraemer, The dotted curves in Fig. 1 are vertical and honzon'tal
1996. The procedure involves first unwrapping the Centralprqf'les’ after automatic unwrapping but before COH_GC'FIOH
column of the image; profile 2 in Fig. 1 indicates the locationS'"Y the supplementary coarse image; the arrows indicate

of the central column. The column is scanned pixel by pixelplaces where there are true jumps in the data that are not

from its center to the top and then from the center to theinwrapped properly. The solid curve is the same profile after

bottom. During each scan, a running offset is added to eacRairWise matching with the_image measured using the coarse
pixel. The offset is incremented or decremented\byhen- grating: the heights of the jumps are unwrapped properly.

ever the difference between two successive pixels exceeds
threshold value of=\/2. Once the central column is un-
wrapped, each row is unwrapped in turn using the same pro- As explained above, after the eardrum response is mea-
cedure: each row is scanned first from the center to the lefsured with a mobile malleus, the specimen is removed from
then from the center to the right, and a running offset isthe apparatus, the malleus is fixed, and the specimen is
added. placed back in the apparatus for further measurements. When
The above algorithm works well for smooth surfaces,the specimen is replaced, its orientation with respect to the
but problems arise when there are true abrupt jumps iz the interferometer grating is usually not quite the same as before
coordinates, as are present in the eardrum-shape imagi#svas removed. The change in orientation involves a small
where the bony ear-canal tissue overhangs the periphery oigid-body translation and rotation of the specimen with re-
the eardrum. The height of each jump is wrapped into thespect to the grating. To compare shape measurements made
range O toA It is not clear from examining the data how after mallear fixation with those made with a mobile malleus,
many multiples ofA need to be added to correctly recon- the measured surfaces must be aligned or “registered” with
struct a jump. Although interest here is focused on the earrespect to one another.
drum itself and not on the bony region surrounding it, it is To register the data, a rigid-body transformation must be
necessary to reconstruct the height of this region properly fofound which aligns the two data sets. While the eardrum may
better visualization and, more importantly, for correct regis-change shape, the bony region surrounding the eardrum does
tration, which is described in the following section. There-not change shape with pressure or time and can be used to
fore, the second step in the unwrapping procedure involvefind the transformation. The Iterative Closest PgIaP) al-
correcting the heights of true jumps in unwrapped imagegorithm by Besl and McKay1992 is used to calculate the
measured using the fine grating. Abrupt height variations catransformation. Given an initial estimate of the rigid-body
be measured correctly if a larger valueis used so that all transformation, the algorithm iteratively refines it until points
surface-height variations remain within the range ONo on one surfacdhere, the bony region in the fixed-malleus
(Zhaoet al, 19949. Since\ is proportional to the period of data setare aligned with their closest counterparts on a ref-
the grating, a coarser grating will result in a larger valua,of erence surfac&he bony region in the data set with a mobile
denoted by .. A grating with 0.8 lines/mm is therefore used malleus. The iterations stop when the mean-square distance
to obtain a supplementary eardrum shape image at zero prelsetween corresponding points on the two surfaces does not
sure(corresponding to the 86th measuremeRor this grat- change significantly between iterations. The advantage of the
ing, \¢ is 3.7 mm. Since all points on the eardrum are lesdCP algorithm is that it does not require one to identify cor-
than 3.5 mm away from the grating, images measured witlesponding landmarks on both surfaces, which is difficult to
this grating need not be unwrapped; moreover, the heights afo very accurately; however, it is necessary to provide an
true jumps are correctly determined since they are all lesmitial estimate of the transformation.
than\.. Given that the resolution obtained with the coarse A simple technique is used to find an initial transforma-
grating is poorer than that obtained with the fine grating, theion. Features are roughly identified on the bone in the shape
coarse grating cannot be used to make all shape measuiigrage with a mobile malleus, and corresponding features are
ments, especially in response to pressures where the inducatkntified in the image with a fixed malleus. The bone sur-
shape changes—calculated as differences between shameinding the eardrum contains some featuesg., sharp cor-

Fa Data registration
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_________ L imp—— FIG. 2. Gray-level displacement image and profiles for
: . cat MY1216L measured at a pressureto?.2 kPa dur-
ing the first cycle. The gray levels in the image are
proportional to displacement magnitude with white cor-
responding to the largest displacemé&t0 um, occur-
ring in the pars flaccidaand black to the smallegp
: : um). Dotted lines indicate where the profiles are ex-
--------- i .- tracted from. Profile 1 was taken through the umbo; 2
: was extracted halfway along the manubrium and per-
pendicular to it; 3 was taken midway in the anterior
pars tensa; 4 passes through the length of the manu-
brium; and 5 passes through the point of maximal pars-
490 tensa displacement. Displacements indicated on the
4 profiles are inum.
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ners formed by the resection proceigt can be identified in  in this study (+2.2 kPa) during the first cycle of pressuriza-
both images. The features do not represent the same anatortibn. The gray levels in the image are proportional to dis-
cal landmark from one cat to the next, but they are pointgplacement magnitude, with white corresponding to the larg-
that are easy to identify in two different shape images of thesst displacemer{90 um, occurring in the pars flaccigand
same eardrum. The correspondences are not exact, but ajRick to the smallesD um). Also shown are profiles through
good enough for an initial estimate. Generally about 10—-13he displacement field; the locations of the profiles are shown
pOintS are used. Once the pOintS are |dent|f|ed, the rigid'bOdMn the image by dotted lines. Disp|acements of the pars
transformation that maps points in the fixed-malleus imaggensa, both anterior and posterior, are larger than manubrial
to points in the mobile-malleus image is estimated by mini-gisplacements; this is best seen in profiles 1 and 2. The pos-
mizing the mean-square distance between the two sets @rior pars tensa displaces more than the anterior pars tensa.
points. The minimization technique described by Hornas seen in profile 5, a broad maximum occurs in the poste-
(1987 is used because it is efficient, requiring no iterations.jor pars tensa. The largest pars-tensa displacement is
Since the correspondences are not exact, the transformatiagg um. The manubrium appears to be rigid, with manubrial
is not very good and needs to be refined using the ICP algqyisplacementgprofile 4) increasing approximately linearly
rithm described above. _ _ . from the superior end to the inferior end. The displacement

The root-mean-square differencezrcoordinates of the  of the umbo is 25Qum. As indicated by profiles 3 and 4, the
bony region, after registration of the fixed-malleus data Opars flaccida bulges considerably, having a maximum dis-
the mobile-malleus data, was within 30n, indicating good  pjacement of 49qum. The ends of some of the profiles stop
registration. abruptly as the periphery of the eardrum is obscured by over-

hanging tissue.

ll. RESULTS Figure 3 shows iso-amplitude displacement contours at
A. Mobile malleus +2.2 kPa_ for all five cats_. The differencg in amplitude be-
tween adjacent contours is 2m. As a guide, some of the
contours are labeled. The thick black line represents the out-

Changes in eardrum shape produced by the applicatioline of the visible portion of the eardrum. Patterns for the
of pressure are subtle and difficult to see in gray-level repother cats are qualitatively similar to that for cat MY1216L,
resentations of the pressurized shape data. To emphasibat there are some differences, especially in displacement
these changes, full-field displacement patterns are presentetagnitudes. For cats MY1630L, MY2626L, and MY1721L,
in this section, and profiles through the shape data are prgpars-flaccida displacements are not as large as pars-tensa dis-
sented in the next section. The displacement field for a pregplacements. In cat MY0923R, the largest pars-tensa displace-
sure p, denoted asAzy(x,y), is defined asAzy(x,y) ment occurs in the anterior region, as opposed to the poste-
=Z7,(X,Y) —Zo(X,y), wherezy(x,y) is the shape measured at rior region as in the other cats. Visual inspection of this
pressurep andzy(Xx,y) is the resting shape measured at thespecimen did not reveal any pathology which could have
very start of the experiment. resulted in localized differences in compliance.

Figure 2 shows a gray-level image of the displacement  Displacement patterns for other pressures and cycles are
field for cat MY1216L for the largest positive pressure usedqualitatively similar. For extreme negative pressures, how-

1. Full-field displacement patterns

3012 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 Ladak et al.: Response of cat eardrum to pressure



MY1216L Ant

inf

FIG. 3. Iso-amplitude displacement
contours for all cats used in this study,
measured at a pressure of2.2 kPa
during the first cycle. Displacements
are in um, and adjacent contours are
50 wm apart. Note that in cat
MY0923R measurements were made
on the right ear instead of the left ear
as in the other cats. To facilitate com-
parison of MY0923R with the other
cats, the image of the eardrum was
mirrored to look like the others.

MY1630L

Post

ever, the location of the maximum pars-tensa displacement ishows vertical profiles through the pressurized shape data for

slightly inferior to that for positive pressures. cat MY1216L. The profiles are taken at the same location as
profile 2 in Fig. 1. Pane{a) shows the response to positive
2. Pressurized shape profiles pressures during loadin@e., while the pressure is increased

Changes in eardrum curvature are best shown by ploffom 0 Pa to+2.2 kPa), whereas panéb) shows the re-
ting profiles through the pressurized shape data. Figure gponse to negative pressures, also during loadieg, the

g FIG. 4. Vertical profiles through pressurized shape data
for cat MY1216L, wherez is the height of each point
on the eardrum relative to the tympanic ring. The pro-

E % w files are taken through a point halfway along the manu-
£ 3r =7 =7 brium and perpendicular to ita) For first cycle while
= sequentially loading from 0 kPdeftmost profile to
+0.1, +0.2, +0.4, +0.7, +1.1, +1.6, and finally
e _ J +2.2 kPa.(b) For first cycle while loading from 0 kPa
(rightmost profil¢ to —0.1, —0.2, —0.4, —0.7, — 1.1,
—1.6, and—2.2 kPa.
5 L 4 |
6 L 4 |
-1 05 0 05 1 15 -1 05 0 05 1 15
z (mm) z (mm)
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FIG. 5. Horizontal profiles through pressurized shape
data for cat MY1216L. The profiles are taken through
b the manubrium(a) For first cycle while loading from 0
(b) to +2.2 kPa.(b) For first cycle while loading from 0 to
—2.2 kPa.

z (mm)

1 S e
Med

2.2 kPa

0 1 2 3 4 5 6 7 8 9
x (mm)

pressure is changed from 0 Pa-+t®.2 kPa). The displace- periorly. The portion of the pars tensa inferior to the umbo in
ments do not reach zero at the anterior and posterior endgese profiles is convex outward in its resting position, and
because the periphery of the eardrum is hidden beneath ovdtecomes even more curved when positive pressures are ap-
hanging tissue. plied. Negative pressures reduce the curvature of this por-
The description of eardrum convexity and concavity intion, but do not make the pars tensa concave or even straight
this paragraph refers to the sections of the eardrum shage this area.
profile anterior and posterior to the manubrium in Fig. 4. In ~ The pars flaccida, located superior to the manubrium,
the rest positiod0 kPa, panela)], both sections of the ear- bulges considerably. In its initial state it is concave, but it
drum are almost straight in their paths from the manubriunpecomes convex outward with positive pressures. The pars
to the tympanic ring. Positive middle-ear pressures makdlaccida is sucked further into the middle-ear cavity when
both sections convex outward. When the pressure is returndtggative pressures are applied.
to zero[panel(b)], the unpressurized shapes of both sections
are now slightly convex outward and are somewhat different .
from the resting shapes measured at the beginning of th‘g' Pressure-displacement curves
experiment. Small negative pressures straighten both sec- Figure 6 shows how displacements for a typical point on
tions, and extreme negative pressures make them concaube pars tensa vary with pressure and cycle for cat
When the pressure is returned to zero after the negative edY1216L. The point is located in the posterior pars tensa,
cursion, both sections of the shape profi®t shown are  and is indicated by the dot in Fig. 1. Eardrum response is
slightly concave and are again different from profiles previ-nonlinear, with displacements growing less than in propor-
ously measured at zero pressure. Similar patterns are seention to applied pressure, as seen by the S shape of the
profiles for the other cats: anterior and posterior sections opressure-displacement curves. For instance, the maximal dis-
the eardrum become increasingly convex outward with largeplacement is 25&m at a pressure of 1.1 kPA during the
positive middle-ear pressures, but become straighter and fiirst cycle while loading, whereas it is only 38m at a
nally concave with negative middle-ear pressure. pressure of+ 2.2 kPA during the same cycle. Although the
Displacements of the manubrium and pars tensa arpressure was doubled, the maximal displacement increased
asymmetric with respect to the sign of the applied pressureyy a factor of only 1.38. As noted above, the response of the
with the lateral displacements caused by positive middle-eagardrum is asymmetric with respect to the sign of the applied
pressures being larger than the medial displacements causpressure: lateral displacements caused by positive middle-ear
by negative pressures. The asymmetry appears to be mopeessures are larger than medial displacements caused by
pronounced for the manubrium than for the pars tensa. negative pressures. This is particularly noticeable at the ex-
Figure 5 shows horizontal profiles through the manu-treme pressures. For example, the displacement magnitude is
brium of cat MY1216L, at the same location as profile 3 in380 um at a pressure of-2.2 kPa during the first cycle,
Fig. 1. Panell@ shows the response to positive middle-earwhereas it is only 314um at —2.2 kPa for the first cycle.
pressures during loading, whereas pati®l shows the re- The curves exhibit hysteresis, with displacements measured
sponse to negative pressures. As mentioned above, the marduring unloading being larger than those measured during
brium appears to be rigid and has smaller displacements sipading. The hysteresis seen here was also found by Dirckx
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FIG. 6. Pressure-displacement curves for cat MY1216L
taken through a point in the posterior pars tensa, for
three cycles labeled with different symbols. The arrows
indicate the temporal order of the measurements. Lat-
eral displacements are positive, whereas medial dis-
placements are negative.
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and Decraemef200) in the gerbil. Displacement magni- lar except for differences in displacement magnitudes and in

tudes also vary from cycle to cycle, generally decreasinghe degree of hysteresis. In cat MY1630L, displacements for

from the first cycle to the last. In general, the behavior of softnegative pressures during unloading are, for the most part,

tissue such as the eardrum depends upon its history, and tkenaller than during loading; the opposite is true in the other

shape of the hysteretic force-displacement loop may changeats. In cat MY1721L, there is very little variation from one

from one cycle to the next. If the material is taken throughcycle to the next.

the same load cycle repeatedly, the force-displacement curve

will normally converge to a stable shape; the material is saigs_ |mmobile malleus

to have been “preconditioned(Fung, 1993 Precondition- ] ]

ing has been observed in tympanomei®aihede, 1996 It - Full-field displacement patterns

is not clear whether the variations from cycle to cycle inthe  Figure 7 is a gray-level displacement image for cat

current study are due to gradyadst-mortenchanges or to MY1216L for a pressure oft 2.2 kPa for the first cycle of

the lack of a sufficient number of preconditioning cycles, orloading, with the malleus immobilized. Displacement images

to a combination of both. for other positive pressures are similé@fhe displacement
Pressure-displacement curves for the other cats are simimage is computed after registratipivith a fixed malleus,
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2 FIG. 7. Gray-level displacement image and profiles for
= cat MY1216L measured at a pressureto?.2 kPa dur-
g3 ing the first cycle after immobilizing the malleus. Dot-
= ted lines indicate where the profiles are extracted from,

with black profiles corresponding to the fixed-malleus
data and gray profiles corresponding to the mobile-
malleus data. Displacements indicated on the profiles
are inum. The arrows indicate artifacts that show up as
dark bands in bright regions of the displacement image;

B Post the arrows outline the path of one such band.
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TABLE I. Displacement of the pars flaccida before and after mallear fixa-MY1216L is 100um, which is only about 20% of the value
tion measured at a pressure-p2.2 kPa during the first cycle of pressuriza- for the mobile case. This is a surprisingly large decrease. For

tion. . .
cats MY1630L and MY0923R, the maximum pars-flaccida
Displacement displacements with fixed mallei were 84% and 66% of the
Fixed (zzm) Mobile (zm) Fixed/mobile moblle—mqlleug values, respectively. Table | lists me.1X|m-aI
pars-flaccida displacements before and after mallear fixation,
MY1216L 100 490 20% as well as the ratio of displacement after fixation to displace-
MY1630L 320 380 84% tin th bil I
MY0923R 415 630 66% ment in the mobile-malleus case.

Figure 8 shows fixed-malleus iso-amplitude displace-
ment contours for all three cats. The difference in amplitude
between adjacent contours is 2&n. The patterns are some-
artifactual bands resembling iso-depth contours are visibleVhat distorted by the systematic errors discussed above. The
and show up as dips and peaks in the displacement profileBatterns are qga]ltatlvely similar, glthough the pattern for cat
The bands are the dark streaks in areas where the displad¥dY0923R exhibits a strong maximum in the anterior pars
ment image should be white. As an example, one of thdénsa as well as in the posterior pars tensa. In cats MY1630L
bands is shown by arrows in Fig. 7. The bands are caused §d MY0923R, the manubrium displaces more than in cat
very small systematic errors associated with the shapeVY1216L. Examination of the specimens after the experi-
reconstruction a|gorithm used with the m,oiapparatus ments indicated that the head of the malleus in each of these
(Ladaket al, 2000. Although the errors are small and com- cats was indeed fixed to the middle-ear wall. However, it is
pletely masked for the large displacements observed with Rossible for the manubrium to bend. The displacement of the
mobile malleus at high pressures, they are not completelyymbo and of the superior end of the manubrium are tabulated
masked for small displacements. The black profiles are foin Table Il for all three cats in which the malleus could be
the fixed-malleus data, and the gray ones are for the mobildixed. Ideally, if the manubrium is perfectly fixed, displace-
malleus data. Profile 4 shows that the manubrium is immoments along its length should be zero. For comparison, the
bile, or almost so, along most of its length. Profile 2 furtherdisplacement with a normal mobile malleus is also listed.
illustrates that the manubrium is practically immobile supe-The ratio of fixed/mobile displacement is a measure of the
riorly, whereas profile 1 shows that the manubrium displaceslegree of manubrial fixation, with values closer to zero indi-
slightly near the umbo. cating more fixation relative to the mobile case. Results are

For this cat, with a fixed malleus there is a broad dis-reported for a pressure of 2.2 kPa because this represents
placement maximum in the posterior pars tensa with a magan extreme case for which manubrial displacement would be
nitude of 140um; this value is about 37% of the correspond- largest. As can be seen, with a mobile malleus, the manu-
ing maximum value for the mobile-malleus case. For catdrium of cat MY0923R displaces more than that of cat
MY1630L and MY0923R, the maximum pars-tensa displaceMY1630L, and the manubrium of cat MY1630L displaces
ments with fixed mallei were 52% and 46% of the mobile-more than that of cat MY1216L except near the superior end.
malleus values, respectively. The same trend is observed in manubrial displacements after

The maximum pars-flaccida displacement for catmallear fixation, with the manubrium of MY0923R displac-

MY1216L Ant

FIG. 8. Iso-amplitude displacement
contours for all cats in which the
malleus was immobilized. The data
are for a pressure of 2.2 kPa during

the first cycle. Displacements are in

7 0§t . \ ) ] pm, and adjacent contours are g
. . , . . . . . . . . . . . . . . i apart. Note that in cat MY0923R mea-
MY1630L MY0923R LAnt surements were made on the right ear

instead of the left ear as in the other
cats. To facilitate comparison of
MY0923R with the other cats, the im-
age of the eardrum was mirrored to
look like the others.

Inf
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TABLE Il. Displacements of the umbo and superior end of manubrium before and after mallear fixation
measured at a pressure 62.2 kPa during the first cycle of pressurization.

Displacement at superior end of

Displacement at umbo manubrium
Fixed Mobile Fixed Mobile
(pem) (pem) Fixed/mobile (em) (pem) Fixed/mobile
MY1216L 32 156 21% 5 70 %
MY1630L 54 181 30% 10 60 17%
MY0923R 68 226 31% 20 90 22%

ing more than that of MY1630L, which displaces more thandisplacement increases by only 1.6 times. Nonlinearity is
that of MY1216L. The fixed/mobile ratio indicates that the more pronounced for the unloading branch than for the load-
manubrium of cat MY1216L is better fixed than that of catsing branch. Displacements for the next two cycles are
MY1630L and MY0923R. Furthermore, the degree of manu-smaller than for the first cycle, and the loading branches
brial fixation in cat MY1630L is greater than that in cat appear to be almost linear.
MYO0923R at the superior end of the manubrium. Manubrial Figure 1@b) shows pressure-displacement curves for cat
displacements with a fixed malleus are small and remaitMY1630L. Nonlinearity is more pronounced in this cat. Dis-
small during pressurization. placement magnitudes for the first two cycles and the posi-
Displacement patterns for negative pressures in all cat8ve part of the third cycle are similar, but for the negative
except MY0923R are similar to those for positive pressurespart of the third cycle the displacement magnitudes are much
but the location of the pars-tensa maximum is pushedmaller than for the other cycles. It is not clear why the third
slightly in the postero-inferior direction. In cat MY0923R, cycle is so different; there was no leakage in the pressuriza-
the displacement pattern becomes considerably simpler thdaion apparatus.
that for positive pressures, and the location of maximum dis-  Figure 1Qc) shows the same curves for cat MY0923R.
placement occurs in the posterior pars tensa as opposed Il this cat, displacements vary considerably from cycle to
the anterior pars tensa as it does for positive pressures in thigcle. The first cycle is very different from the second and
cat. third, which are quite similar. During the first cycle, medial

2. Pressurized shape profiles

Figure 9 shows vertical profiles through the pressurized Ant
shape data for cat MY1216L after mallear fixation and reg-
istration to the mobile-malleus data. The profiles are taken at
the same location as profile 2 in Fig. 1. For clarity, only 1
profiles for pressures of Qvery first measuremenpt*1.1
and £2.2 kPa are shown; the fixed-malleus profiles are in
black. Superimposed in gray are corresponding profiles for
pressures oft 2.2 kPa for the mobile-malleus case. The sec-
tions of the pars tensa both anterior and posterior to the
manubrium in these profiles are convex outward at rest and
the curvature increases with positive middle-ear pressures.
Negative pressures straighten both sections, but in the fixed-
malleus case do not make them concave in this particular cat.
In the other cats, extreme negative pressures do make both
sections of the pars tensa slightly concave in vertical profiles 4
extracted at the same location, but the change in shape is not
as dramatic as with a mobile malleus.

/

(

Post |

Med
Lat

y (mm)

3. Pressure-displacement curves

With a fixed malleus, the pressure-displacement curves
that were obtained vary considerably from cat to cat, and are
described individually here. Figure ) is a pressure- 6
displacement curve for cat MY1216L; the curve is for the L
same point as that shown in Fig. 1 by the dot. The curves -1 0 1
show the same general features as those for the mobile- z (mm)

malleus data. During the first CyCIe’ dISPIacements IncreasEIG. 9. Vertical profiles through pressurized shape data for cat MY1216L.

less than in proportipn to the applied pressure. For examplgsxed-malleusiblack and mobile-malleusgray) data are shown after reg-
when the pressure is doubled froil.1 to +2.2 kPa, the istration. The profiles are taken through a point halfway up the manubrium.

3_
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; ; ; : 4. Effects of measurement time
MY1216L

In cat MY1721L, the malleus was not fixed. Instead, the
. response to a sequence of three cycles was first measured and
then, after a wait of 2 ltwhich was the longest time required
to fix the malleus in the other specimenthe response to
another three cycles was measured. This specimen serves as
a control to test what effects, if any, measurement time and
mallear-fixation time have on the response. Figure 11 shows
pressure-displacement curves for a typical point on the pars
1 tensa; the black curve is for the first set of three measure-
ments, whereas the gray one is for the second set. As the
responses were similar from one cycle to the next in any one
set of measurements for this cat, all three cycles for one set
of measurements were averaged in order to simplify the
e ‘ : : : graph. Displacements measured during the second sequence
MY1630L of loading are generally smaller than those measured during
the first sequence. The largest difference in displacement
1 magnitude over the entire surface of the pars tensa is less
than 50um and occurs at the highest pressures. This value is
| much smaller than the difference seen after malleus fixation,
implying that measurement and fixation times have only a
small effect on eardrum behavior. For comparison, the larg-
est difference in pars-tensa displacement after mallear fixa-
tion and at a pressure af 2.2 kPa(first cycle was 240um
1 for cat MY1216L, 225um for cat MY1630L, and 325m
for cat MY0923R.
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IV. DISCUSSION

-300
600

: : , The displacement patterns previously measured in re-

sponse to large static pressures in d&ffels, 1993, hu-

mans(Dirckx and Decraemer, 1991and gerbilsivon Unge

et al, 1993; Dirckx and Decraemer, 20Q2with a normal

mobile malleus, are similar in that the pars-tensa displace-

] ments are always larger than manubrial displacements, with

the largest pars-tensa displacements generally occurring in

the posterior region rather than in the anterior region. With
the exception of one cdMY0923R), the displacement pat-

terns measured in this work are similar to those measured
previously. Modeling studies indicate that eardrum response
is sensitive to variations in shape, stiffness, and thickness

1 (e.g., Funnell and Laszlo, 19y &ach of which may vary not

only among cats but also spatially across the surface of the

eardrum in any particular cat. Finite-element calculations uti-
lizing subject-specific shape information for cat MY0923R
indicated that local variations in shape do not alone account

FIG. 10. Pressure-displacement curves for cats MY1216L, MY1630L, andor all of the differences between displacement patterns for

MY0923_Rd_aft(ter rtrrl]allttear fixatilon gor a ?(t)rznt in the posteri;)r [I)_arts telnze_a. ‘Il'hecat MY0923R and the other ca(&adak, 1998 Further-

T DT e o e mecsurements Latera d591cRiore, there were no visible localized difieences in thick-
ness. It is quite plausible that the local stiffness of the ante-
rior pars tensa in this cat was lower than that of the posterior

displacements in response to negative middle-ear pressurggr_S tensa, resulting in larger displacements in the anterior

are much larger than lateral displacements due to ositiV(raeglon'
9 P P This is the first time that complete loading and unload-

pressures. After the negative excursion, the eardrum does nfﬁtg cycles have been measured in cats. The observed
return to its original shape, and the unpressurized shape megressyre-displacement curves indicate that eardrum response
sured at the beginning of the second cycle is considerablis not elastic, i.e., the original shape of the eardrum is not
different from that measured at the beginning of the experirestored when loads are removed. The eardrum, like many
ment. other tissues, is viscoelasti®ecraemeret al, 1980. The

MY0923R
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200+
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FIG. 11. Averaged pressure-displacement curves for cat
MY1721L taken through a point in the posterior pars
tensa. The second set was tak® h after the first set.
Each set consists of three cycles averaged together. Lat-
eral displacements are positive, whereas medial dis-
placements are negative.
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multiple loading/unloading cycles measured in each eardrurdisplacement curves measured among the three cats, which
in this work are more repeatable than those measured prewtould reflect interindividual differences in shape, stiffness,
ously in catg(Stoffels, 1993 because a stricter schedule andand thickness. The eardrum displacements reported here for
protocol were followed for the measurements reported herdarge static pressures after mallear fixation are several times
The response of soft tissues generally depends on thelarger than the thickness of the eardrum; this suggests that, at
loading/unloading histories. Indeed, in clinical tympanom-the very least, geometric nonlinearities must be taken into
etry differences in measurement protocol do result in proaccount in constructing finite-element models of the eardrum
nounced differences in tympanometric d&Bsguthorpe and that are valid at high pressurésadak and Funnell, 1995It
Lam, 198). may also be necessary to consider nonlinearities of material
With a mobile malleus, eardrum response is complicategbroperties. In any case, it appears that eardrum nonlinearity
by the mechanical load exerted on it by the rest of the middleannot be completely ignored in comparison with nonlineari-
ear. For instance, at high pressure levels, ossicular responses arising from other middle-ear structures, as has been
in humans is known to be asymmetric and nonlingdint- assumed by previous investigataiBrice and Kalb, 1991;
tenbrink, 1989, which in turn affects eardrum response. Wada and Kobayashi, 1980
Asymmetry in ossicular displacements at high pressures has With reference to Figs. 7 and 8 and Table Il, it is clear
been said to arise from slippage in the joints between thé¢hat the technique used to render the malleus immobile does
malleus and the incus and between the incus and the stapest result in every point on the manubrium having exactly
(Guinan and Peake, 1967; Cancura, 198C:ttéhbrink, zero displacement. Although the point on the mallear head
1989; Decraemeret al, 2003—the joints are easily thatis glued to the middle-ear wall remains fixed, the manu-
stretched by large positive middle-ear pressures but are onlyrium appears to bend. The apparent bending of the manu-
slightly compressed by negative pressures. Another source bfium observed here may be consistent with the manubrial
nonlinearity in the ossicular response may be the annulabending discussed by Funnelt al. (1992 and Decraemer
ligament connecting the stapes to the oval window, whictet al. (1994, although it is difficult to quantitatively compare
limits the displacement of the stap@2rice, 1974; Price and that bending, in the linear regime at frequencies of 2 kHz and
Kalb, 1986; Pascakt al, 1998; indeed, Price and Kalb higher, with the present relatively low-resolution static mea-
(199) feel that this is the main source of nonlinearity in surements in the nonlinear regime. The 1992 and 1994 re-
middle-ear response at high pressures. sults suggested that there is likely to be less bending at lower
In order to characterize the behavior of the eardrum infrequencies, which is consistent with the fact that pro-
dependently of the ossicular chain, experiments with an imnounced bending is not seen in the present measurements.
mobile malleus were conducted. This permits comparison Displacement patterns for the pars flaccida are qualita-
with a finite-element model of the eardrum, for example,tively similar before and after mallear fixation and between
without the complication of a complete middle-ear model.individuals. However, there is considerable interindividual
With an immobile malleus, pars-tensa displacements devariability in the size of the displacements both before and
crease because of the decreased mobility of the manubriurafter mallear fixation. In all cases, displacement magnitude
Even with an immobile malleus, the eardrum response islecreases after mallear fixation, but the degree of decrease as
seen to exhibit features such as nonlinearity, asymmetry aniddicated by the fixed/mobile ratio in Table | exhibits inter-
hysteresis, although the degree of nonlinearity is somewhandividual differences. Variability in this decrease may be
reduced. There are considerable differences in pressureelated to individual differences in the properties of the pars
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flaccida or to the degree of manubrial fixation. One might  Although the results presented hdeeg., Fig. 11 indi-
expect that the greater the degree of manubrial fixation is, theate that the underlying mechanical properties of the ear-
greater the decrease in pars-flaccida displacement will be afirum did not necessarily change much during the course of
ter fixation. Note that in cat MY1216L the decrease in parsthe experiment, more work is required to clarify the roles of
flaccida displacement is dramatic, as is the decrease in manwariability, preconditioning, angost-morteneffects.
brial displacements, particularly at the superior end. In cats  This work provides a basis for constructing and validat-
MY1630L and MY0923R, the degree of decrease in manuing models of the nonlinear response of the eardrum in re-
brial displacement is not as large as in cat MY1216L, andsponse to large static pressures. Beyond that, it will contrib-
neither is the degree of decrease in pars-flaccida displacete to the interpretation of measurements of the response of
ments. However, the relationship between degree of malleghe entire middle ear to large static pressu{@scraemer
fixation and pars-flaccida mobility is not clear from theseet al, 2003 and ultimately to the detailed modeling of the
data since in cat MY1630L the malleus is less mobile aftermechanics and acoustics of tympanometry. Once nonlinear
fixation than in cat MY0923R, while the degree of decreasemodels such as that proposed by Ladak and Furiahéb5
of pars-flaccida displacement in cat MY1630L is lower thanare validated using the data measured in this work, such
that of cat MY0923R. Experiments in the same animal inmodels can, in principle, be used to simulate any loading
which the degree of manubrial fixation is varied would cer-pattern, including static pressure applied to the lateral side of
tainly help address whether the variability in the degree othe eardrum as in tympanometry. Furthermore, by including
decrease in pars-flaccida displacement is related to the desertial and damping effects in such models, it would be
gree of manubrial fixation. possible to simulate the response to sinusoidal tones super-
imposed on static pressures as in tympanometry.
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