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Abstract—Eustachian tubdET) dysfunction has been impli-

cated in the development of chronic otitis media, a common
childhood disorder. An impaired ability to open the collapsible
ET results in fluid accumulation in the middle ear and subse-
quent infection and inflamation. Abnormal ET function has

been casually related to an abnormal mechanical environment.
Previous attempts to quantify ET mechanics used summary
measures that are not clearly related to the physical properties

of the system. In this study, we modified a testing technique to

portion of the population. Although bacterial or viral
infections and nasal allergies contribute to the onset of
OM, the development of chronic OM is associated with
the functional impairment of the eustachian tibe.

The eustachian tub€ET) is a collapsible structure
which connects the ME space with the nasal cavity. The
structure of the ET is similar to other respiratory airways

obtain pressure and flow rate measurements in the ET andin that the lumen of the tube contains a fluid layer, the

analyzed these data with a simple model of airflow in a col-
lapsible tube. This model is based on fully developed flow in a
noncircular duct and a nonlinear, time-dependent pressure—are
relationship. The ability of this model to capture the observed

a

mucosa, and is surrounded by cartilaginous and muscular
element$ The most important functions of the ET in-
clude (1) protection of the ME from pathogens of the

pressure—flow phenomena was demonstrated in 12 cynomolgusnasopharynx,(2) pressure regulation or ventilation to
monkeys. Correlation between model and experimental data equilibrate the ME with atmospheric pressure, &8)l

resulted in quantitative estimates of ET compliance and wall

viscosity. This technique, which can be implemented in a clini- |
cal setting, provides a more accurate description of ET mechan-

ics and may, therefore, prove to be an important diagnostic
tool. Future studies will use this technique to quantify the
influence of various physiological parameters on ET mechanics.
© 2002 Biomedical Engineering Society.
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INTRODUCTION

Otitis media(OM) is an infectious disease that gen-
erally includes inflammation of the middle e@vE) mu-
cosa and an accumulation of fluid within the ME space.
A 1990 survey by the Centers for Disease Cont@iDC)
identified 24.5 million physician office visits at which
the primary diagnosis was ORf.By age three, a signifi-
cant number of childreri33%) experience>3 episodes
of OM (chronic OM.? The CDC survey also indicated
that 20% of all physician visits were by patients 15 years
of age and older. Chronic OM, therefore, affects a large
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Rangos Research Center, 3460 Fifth Ave, Pittsburgh, PA 15213. Elec-
tronic mail: ghadiali@pitt.edu

drainage and/or clearance of fluid which has accumulated
in the ME into the nasopharymxlUnder normal condi-
tions, the ET exists in a collapsed “closed” configuration
which protects the ME from nasopharyngeal secretions.
The ventilation and clearance functions, however, require
an open ET in which the resistance to air and fluid flow
is minimal. Optimal function, therefore, only occurs
when the ET opens intermittently due to the contraction
of the surrounding musculature.

The inability of the ET to perform these physiological
functions may be due to an abnormal mechanical envi-
ronment. Several investigatof$3® have specifically
suggested that ET function may depend on the tube’s
compliance(or elasticity. The compliance of the ET can
affect both the ability to open the tub@listensibility
and the ability to close the tube once it is opened
(collapsibility).?! Rigid or inelastic ET§low compliance
are difficult to open and thus might impair the ventilation
and clearance functions. Once a rigid tube is opened, its
inelastic nature may also prevent it from closing, result-
ing in a patulous ET that impairs the protective function.
Conversely, ETs with high compliance, often known as
“floppy” ETs, > may impair both the protective and clear-
ance functions by opening and collapsing too easily. This
lack of stiffness may also affect the ability of the sur-
rounding musculature to actively open the tube during
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swallowing. Normal ET function may, therefore, depend structure model of airflow in the ET. Determination of

on optimal mechanical properties. these mechanical properties may lead to a better under-
Several simple methods of evaluating ET function can standing and diagnosis of the factors responsible for the

be performed on an intact tympanic membr&h#), but development of chronic OM.

more biomechanically informative testsuch as the

forced-response test described belowquire a perfo-

rated TM. These tests are most often used on individuals

whose treatment would include a surgical opening of the  ajrflow in the ET is governed by the incompressible

TM (myringotomy. Myringotomies are typically per-  Navier—Stokes and continuity equations,
formed on patients who do not respond to antimicrobial

agents and have displayed OM-related symptoms for
>3-6 months. These individuals may have abnormal p
ET function and, consequently, are at risk for developing
chronic OM. Therefore, a diagnostic test that can quan-
tify this risk by accurately measuring the mechanical
properties(such as compliangeof the ET is desirable.
Currently, two different clinical methods of measuring

ET compliance have been reported® The first uses

FLUID-STRUCTURE MODELS

E+(u-V)u) =—Vp+uV?u and V-u=0,
1)

where p represents the fluid pressure,is the three-
dimensional velocity vectop is the density of air, ang
is the viscosity of air. The solution to these equations,

pressure and volume data from a balloon introduced into which _spec_lfy conservation of momentum and mass in
the fluid, will depend on the local geometry of the col-

the ET lumen. Due to the relative invasiveness of bal- . . .
loon insertion and the unknown effects of the balloon on lapsible -tube. Deformat|o_n of the tube due to fluid
tubal geometry and mechanics, few research groups haveStresses and pressures will h.owever,. alter the I.O cal ge-
adopted this method. The second method, however, iSometry. The structural mechamc“s of this d:aformann will
significantly less invasive and uses pressure and flow be governed by a generalized “tube law,
data acquired during the standard forced-responsé test. _
In this test, the ET is opened via inflation of the ME and ApP=Pint— Pext= P(A), 2
airflow is continued until a steady-state pressure and flow
rate is achieved. This test can measure several intrinsicwhich relates the transmural presstirgernal—externa)
properties such as the pressure required to open the tubeAp, across the tube wall with the local cross-sectional
the passive resistance to air flow at steady state, and thearea, A, and potentially the time derivative oA The
active resistance during swallowing, but it is difficult to solution of Eq.(2) for the local geometryA, requires
directly measure specific biomechanical properties suchknowledge of the fluid pressur@, and the solution of
as compliance. Takahashi and colleagté3*°attempted Eq. (1) for p andu requires knowledge of. A complete
to quantify ET compliance using a summary parameter analysis of flow in a collapsible tube would, therefore,
known as the tubal compliance indéXCl), which is a require a complex solution algorithm that can account for
ratio of passive resistance at two separate flow rates. Thethis  fluid-structure  coupling.  Although  several
TCI, however, may not be an accurate measure since it isinvestigators1314181923haye performed this detailed
acquired using a limited data s@te., pressure measure- analysis using boundary-element, finite-element, and
ment at two distinct flow ratesand does not measure the finite-difference methods, our goal is to develop a rela-
“true” engineering compliance, which is defined as the tively simple fluid-structure model that can be used in a
change in tube area in response to changes in the appliectlinical setting. This model, which is based on several
pressure. Although the ET’s cross-sectional area is notsimplifying assumptions, will generate solutions that can
easy to measure, previous investigations of other collaps-be readily correlated with experimental pressure—flow
ible biological tubes, such as arteries and the urethra, measurements to determine ET mechanical properties.
have demonstrated that compliance information can be Figure 1 shows a diagram of the simple fluid-structure
extracted from continuous pressure—flow rate model to be analyzed in this study. The collapsible seg-
measurements®1’ ment of the ET is supported by elastiE) and viscous
The goal of the present study is to use similar engi- (u,,) elements. The mean pressure within the tube must
neering principles to develop a diagnostic testing method exceed the external periluminal pressupg,f in order
which can accurately determine ET mechanical proper- to obtain a nonzero cross-sectional af@a. Although
ties. Specifically, we have modified the current clinical Fig. 1 depicts an axisymmetric circular cross section, the
test in order to obtain continuous, oscillatory pressure— model equations will be developed for an arbitrary cross-
flow rate measurements. The mechanical propertiessectional geometry, which maintains its general configu-
(compliance and wall viscositywill be determined by ration as the area changes. Once opened, the airflow
analyzing these pressure—flow data with a simple fluid- through the tubd&Q) is governed by the pressure differ-
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T Here, the length scale for convective gradients is the
p\ % Pext ITI ‘//pd average length of an ETV(~L 1), the average velocity
QA

is based on the flow rate and the area of a fully opened

’ Q> ET (U=Q/7wR?), and B is the lubrication Reynolds
Middle Ear $E *MNP"W“X number. The magnitude g8 will determine if the con-
vective inertial term in Eq(1) can be ignored. For the
FIGURE 1. Simple fluid-structure model of airflow in a col- current experimental conditions of air as the working
lapsed tube where the tube wall is supported by elastic (E) fluid (p=1.2e-3 g/crﬁ, u=18e—-4glcm/s), w
and viscous  (s.,) elements. =27/72 s(see the Methods sectiprand an average size

ET (R=0.1cm, L=3cm), a=6e-3 andB=1le-1.
Since the temporal and convective inertial terms are an

ence between the upstream ME pressimeand down- order of magnitude smaller than the viscous terms, iner-
stream nasopharyngeal pressum)( As described in  tial effects are ignored in this study.
the Methods section, the experiments will involve pre- ~ We determine the relationship between flow rate, up-

scribing an oscillatory flow rate with a frequenayand ~ Stream pressure, and cross-sectional area by solving the
measuring the resulting oscillations in the upstream pres-Simplified version of Eq.(1) (i.e., ignoring inertial
sure. The upstream pressure and flow rate will, therefore, terms. The axial velocity field for an arbitrary cross-

be functions of time, i.e.p=p(t) and Q=Q(t). Previ- sectional shape in they plane will have the following
ous histological measurements in young child(eriLO form:

yr) (Ref. 27 have demonstrated that the cross-sectional

shape and area of the ET lumen, in the deformable car- dﬁ

tilaginous region, is constant with respect to the long Uz(X,y)ZH[p(t)—pd]F*(X*,y*)- 5

axis of the ET. Since the current study utilizes underde-
veloped juvenile monkeys, these measurements are rel-
evant and we, therefore, assume that spatial variations in
the ET'’s area are negligible, i.éd=A(t) only. Note this
assumption may not be valid for fully developed animals
since adult ETs exhibit large changes in lumen area and
shapé®’ In the following sections we develop and justify
the simplified equations used to analyze this model.

Here, d, is the characteristic length scale for the given
cross-sectional shapeés* (x*,y*) is a dimensionless,
scale independent, shape factor to be determined, and
* indicates dimensionless quantities. Substituting,y)

into the fully developed, simplified version of Eql)
yields the following governing equation and boundary
conditions forF*,

Fluid Mechanics JPE*  9PE*
VF2F* =t =1,
ax ay

We simplify the description of the fluid mechanics by
determining the magnitude of the inertial terrieft-

hand side of Eq(1)] relative to the viscous term using F*=0 for x*,y*=S. (6)
standard dimensional analysis. Consider the ratio of the
temporal inertial term to the viscous term, Here, we have used the characteristic length as a scaling
factor, employed the pressure gradief¥p=dp/dz
pouldt  pwU  pwR? =[p(t)—pgql/L} for fully developed flow[u,#f(z)],
uVau  wURE (3 and imposed a no-slip boundary condition on the bound-

ary surfaceS The shape factol-* (x*,y*), can be de-
termined once the cross-sectional shape of the ET is
specified(see the Appendix

With an expression for the velocity field, E¢p), the
time-dependent volumetric flow rate can be expressed as

Here, the velocity is scaled on an average velocity (
~U), time is scaled on the frequency of oscillation (
~w~ 1), the length scale for viscous gradients is the
average radius of a fully opened EV{~R ?), and «

is the square of the Wormersly number. The magnitude
of a will determine if the temporal inertial term in Eq. _ ~dy R
(1) can be ignored. We also consider the ratio of the Q(t)—fAuz(x,y)dxdy—H[p(t)—pd] fAF dx*dy*.
convective inertial term to the viscous term, 7)

4

p(u-Vyu pU2/L_pUR2_ pQ

_ _ _ _ The time-dependent cross-sectional area is related to the
wV2u wU/R? ul Tl

characteristic length by

B. 4
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5 e used in the analysis of stress and strain. Although this
At)= fAdX dy=dandx dy*. tS) model assumes no spatial variationsaitt), the pressure
must vary betweemp(t) and py. The internal pressure

responsible for changes iA(t) is, therefore, defined as
The pressure drop along the ET can, therefore, be &X"the mean PIESSUIM,car

pressed in terms of the cross-sectional area and the flow
rate,

Solution Methods
pnLQ(1) .
t)_pd:—A(t)z I's, Q(t)=gntdasinot], We seek solutions to Eq$9) and (10) that can be
(9) used to analyze experimental pressure—flow data. We are
specifically interested in a data analysis procedure that
where the sinusoidal flow rat€(t), is fixed by protocol ~ can estimate ET mechanical propert€su,,, and pey.
[Qn=14, 0,=9, and w=2u/(72s)]. I's is the The solution of Egs(9) and (10), however, requires an
hydraulic-geometric shape factor, which is only a func- assumption regarding the downstream presspge, In
tion of the cross-sectional shape and is given Iby this study, we will explore two different assumptions for
=(fadx*dy*)?/[sF*dx*dy*. I's is calculated for a  Pq. First, we set the downstream pressure in the na-
variety of elliptical shapes in the Appendix to demon- sopharynx equal to the reference ambient pressure, i.e.,
strate howI's can vary as a function of cross-sectional Pq=0. This assumption is valid for the current experi-
shape. If convective inertia forces were important, this mental conditions in which the animal is anaesthetized
pressure drop relationship would have to be augmentedwith no upper airway obstructions. Under these condi-
with a term that is~QZ?.2 However, as demonstrated in tions an analytical solution to Eq$9) and (10) is not
the parameter estimation section, the current viscous-possible and we, therefore, employ a numerical solution
flow models, which are based on E(P), accurately technique. Equatiof®) is rewritten in terms of the shape
reproduce the experimental data. This accurate correla-factor,I's, and a shape independent ar@a(t):
tion indicates that convective inertial effects are not sig-

nificant and provides further justification for ignoring LO(t)| 2

these terms. The above analysis also assumes an incom-  A(t)=A,(t)['Y2,  where Az(t):('“ Q ) _

pressibility condition, which is validated experimentally p(t)

in the system verification section. (1D
Structural Mechanics A discrete form ofA,(t) can then be calculated from the

] _ ~experimentally measuregd(t) and Q(t) assuming that
_ The mechanical elements supporting the tube wall in | — 3 ¢m for all subjects. Next, a simple three-point cen-
F'g-” 1,E and u,,, will be used to gggcnbe the “tube 4 differencing technigiecan be used to determine the
law” in Eq. (2). Several investigatot$®**have proposed  giscrete form ofdAy(t)/dt. OnceA,(t) and dAy(t)/dt

nonlingar functions to desr_;ribe the tub_e law gf pulmo- 4.6 known, Eq(10) can be used to generate a predicted
nary airways. These functions are typically singular at pressure function

A=0 since pulmonary airways normally exist in an
opened state. The ET, however, is similar to the urethra
in that A is identically zero under normal conditions. Ppredt) ~ _ dAx(Y)
Therefore, we follow Lecamwasaret al!’ and use a 5 ~EAAUF g T Pext (12)
polynomial-type relationship, which is not singular At
=0, to describe ET mechanics:
whereE=EI'"? and i, = u,['Y? are shape independent

p(t)+ pqy dA(t) elasticity and wall viscosity parameters. A least-squared
AP=Pmeari Pex=5  ~ Pext™ EAn(t)J’_MWT' regression betweep,{t) and the experimentally mea-
(10) suredp(t) will be performed to determine the free pa-

rametersE, %, Pext: @nd n in each animal(see the
Here, pey is the periluminal pressure that is responsible Parameter Estimation sectjonOnce this regression is
for keeping the ET in a collapsed configuratiqii,eanis performed,ppe{t) can then be plotted as a function of
the mean pressure that exists in the tuibe1 allows for ~ Q(t) to obtain a visual comparison between the model fit
higher-order effects, an& and My are the elastic and and the experimental data. Since the local pressure—area
viscoelastic parameters. Note thatis not the Young's slope, dpp,ed/dAzsnTEA'Z“l, is a nonconstant function
modulus andu,, is not the dynamic viscosity normally  of area, we employ a normalized compliance parameter,
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fAZ'"‘a’n~EA“‘1dA2 -1 In the second approach, we seek a simplified model
e A2,min 2 (13) that can be solved analytically and, therefore, assume
romm A2 max— A2 min ' Pa=Pext and a linear tube lawn=1). Note that these

assumptions are primarily employed to obtain an analyti-

to describe the global compliance of the ET. Heg max cal solution and may not have any direct physiological

and A, in are the maximum and minimum shape inde- .~ . .
pendent areas calculated from E@1). Note that this significance. With these conditions, Eq8) and(10) can

analysis does not requig priori knowledge of the ET's be solved analytically to yield a function relating cross-
cross-sectional shap@e., knowledge off's). sectional area to time,

~ ~ ~ 1/3

L(9E2q+ w2022 — 3Ew( Ty, COS wt]+ 9E2q, sin wt])

A(t):FéQAz(t):ng mL( Qm AmMy - qiﬂw j ] Oa S wt] . (14)
1853+ 2Ew?Ry,

With this expression foA(t) [and the specified(t)], to generate airflow via a computer-controlled syringe
Eqg. (9) can be used to generate a predicted pressure,pump (Harvard Apparatus, Pump-22The airflow rate is
Ppredt), Which will be a function of three free param- measured with a mass flow sensgtoneywell, model
eters €, 7, andpe. This analytical predicted pres- PK 8854 0 and the pressure is monitored with a stan-
sure will be plotted as a function of the flow ra@(t), dard pressure transducgtoneywell, model PK 8780)2

to determine how each parameter affects the pressure-The mass flow rate is converted to a volumetric flow rate
flow rate relationship. In addition, alternative parameter assuming constant density. The HP VEE data acquisition
values will be determined for each animal by performing routine (Agilent Technologiegis used to record the flow

a similar least-squared analysis between this analytical rate and pressure as a function of time and to control the
Ppredt) @nd p(t). Note that for this linear tube-law syringe pump. A 22g sterile needle is used to createla

model, the normalized compliance is Simpig,om mm slit-like opening in the TM for access to the ME. An

—1/E. As a result. we will be able to evaluate the affect airtight seal is then formed between the test system and

of the downstream pressure and linear tube-law assump-the external ear canal. The pressure loss in the system

tions by comparing parameter values from the numerical tUPing at the maximum flow rateQ(=23 cc/min) was
(Pg=0) and analytical fig= Pey, N=1) Models.As dem- measured ak2 mmH,O. In addition, the nonrecover-
onstrated in the Results section, the choice of model does®P!€ pressure loss across the TM was calculated at

not substantially affect the magnitudes of compliance =1 MmO for a %A-Fn:m-diam orifice in a 3-mm-diam
and wall viscosity obtained when these models are cor- '™ &t maximum flow:" Therefore, the ME pressure will

related with experimental data be identical to the pressure measured at the syringe.
For this study, data were obtained from 12 cynomol-
METHODS AND MATERIALS gus monkey$Macaca fascicularis2—4 kg with freshly

created myringotomy perforations and otherwise normal
The instrumentation used in the forced-response testME status as described by Ghadiatial'? This animal
is shown in Fig. 2. Two 60 cc plastic syringes are used model was chosen since previous investigdtdiave

Data Acquisition Computer

————p=====

1 I Pressure and Flow

Rate Transducers

Perforated Tympanic

Syringe Pumps Memprane Eustachian

ﬁ _p \ Tube
_ ) |

— Airtight Seal

FIGURE 2. Schematic of force-response instrumentation used to control and measure air flow rate and pressure in the ET.
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FIGURE 3. Typical pressure and flow rate measurements Flow Rate (co/min)
made as a function of time during a modified forced-
response test.
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35 4§

30 4
demonstrated a correlation between ET function in mon-
keys and humans. For each session, the animals were
sedated with 30 mg ketamine and then anesthetized with
“monkey mix” (10 mg/kg ketamine, 2 mg/kg xylazine,
and 0.3 mg/kg acepromazinerhis level of anesthesia
immobilized the animal's swallowing reflex. Once stan-
dard force-response test measurements, including the 54
TCI, were obtained in the left ear, the modified compli- b)
ance test was implemented as discussed below. All pro- 00 o1 02 08 04 o5 o6 o7 o8
tocols used in this study were approved by the Children’s Frequency,  (sec™)

Hospital of Pittsburgh Animal Research and Care
Committee. FIGURE 4. Verification of incompressible fluid behavior. (a)
During a standard forced-response test. the ME is I?ressure vs. flow rate relations_hips for a rigid tube as func-

’ tion of frequency. (b) Relative area as a function of fre-
inflated at a constant flow rate via the syringe pump until quency for a rigid tube. Relative area  <2% at lowest fre-
the ET opens. Once opened, the pump continues to de-auency inqicates minimal hysteresis and incompressible
. . .. fluid behavior.
liver a steady flow through a partially open ET until
steady-state pressure and flow rates are obtained. This
standard test was co_nducted using flow rates of 5.6, 11.5,rameter was<15%. Since it is not practical to conduct
and 23 cc/min. .Re5|stance at each flow rate was calcu-inege types of tests for longer thar5—10 min in young
lated as the ratio of steady-state pressure to steady-stat@pilgren with ear disease, this protocol was limited to a
flow, and the TCI was calculated as the ratio of resis- gingle maneuvefi.e., a single frequency and flow rate
tances at 5.6 and 23 cc/nfif.In the modified force-  agnitude.
response testFig. 3), the ME is inflated in a similar
manner. However, once the ET is open, the syringe pump
is programed to impose a sinusoidal flow rate between
5.0 and 23 cc/min with a period of 72 s, and the pressure  The fluid mechanic model presented above assumes
and flow rate are measured simultaneously until a the incompressible, viscous driven flow of air in the ET
pseudo-steady-state, defined as<&% change in the under experimental conditions. We have performed the
maximum and minimum pressure between two succes-following system verification test to determine if these
sive oscillations, is obtainetFig. 3). The pressure and conditions are satisfied. The instrumentation shown in
flow rate during this pseudo-steady-state cycle is used forFig. 2 was attached to a rigid metal tubirf§.3 mm
data analysis. This modified force response protocol wasdiam, 8.0 cm length Since the amount of gas compres-
performed three times in each subject to determine the sion will depend on the magnitude of the mean pressure
reproducibility of the results. An analysis of these re- in the system, the dimensions of this rigid tubing were
peated measurements with the numerical model indicatechosen such that the mean pressureQat 14 cc/min
that the standard error for the compliance parameter was(p~200 mm HO) is the same magnitude as the mean
<7% while the standard error for the wall viscosity pa- pressure observed in the animal experimésée Fig. 3.

25

20

Relative Area (%)

System Verification
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Several tests were conducted on this rigid tubing by
programing the syringe pump to produce flow rate oscil-
lations, Q(t) = 14+ 9 sin(wt) cc/min, at various frequen-

cies (w). The measured pressure—flow rate relationship
for a single cycle in the rigid tube at three different
frequencies is shown in Fig.(@. Under these condi-

tions, an incompressible, viscous driven flow would pro-

GHADIALI, SWARTS, and FEDERSPIEL

First, the influence of tubal compliance is investigated
by constructing pressure—flow relationships using the
base parameters and various compliance values, as
shown in Fig. %a). For a given flow rate, the resulting
pressures are larger in the rigitbwer compliancg tube
than the pressures observed in a flexiligher compli-
ance tube. From Eq.(9), higher pressures at a given

duce a linear relationship between the pressure and flowflow rate would indicate a smaller opening area at low

[dotted line in Fig. 4a)] with no difference in the infla-
tion and deflation phasdse., no hysteresjs The degree

compliance values, which is verified in Fig(bp. Con-
versely, at a higher compliance value, the opening area is

of hysteresis at different frequencies can be compared by|arger such that there is less resistance to flow and thus

calculating the relative hysteresis loop area,

Hysteresis Loop Area

(pmax_ pmin)(Qmax_ Qmin)

* 100%.
(15

Relative Area

the pressures are lower. The average slope of the
pressure—flow rate hysteresis loa@yp/dQ, in compliant
tubes is smaller than the slope observed in the more rigid
tubes. This phenomenon is directly related to the
pressure—area relationships shown in Figp) Swhich are
constructed by plottingp(t) as a function ofA,(t). At

Here, the hysteresis loop area was calculated by integra-high compliance values the slope of the's. A, curve is

tion, pmax IS the maximum recorded pressupg,, is the
minimum pressureQax is the maximum flow rate, and
Qumin i1s the minimum flow rate. As demonstrated in Fig.
4(b), significant hysteresis exists at high frequencies
while at low frequencies the hysteresis is substantially
reduced. The reduction in loop area as a function of
frequency, shown in Fig.(®), indicates that air behaves
like an incompressible fluid at low frequencies. The cur-
rent experimental protocol, therefore, uses the lowest
feasible frequencyw=2m/(72s).

RESULTS

Simulation Results

small as would be expected based on the definition of

compliance,C=dA,/dp. As a result, the pressure mag-
nitude does not vary significantly as a function of area.
These small changes in pressure during the oscillation
cycle translate into small changes in pressure as a func-
tion of flow rate and thus a smatlp/dQ at high com-
pliance value$Fig. 5a)]. Conversely, at low compliance
values, thep vs A, slope is much largelFig. 5(b)] such
that the pressure magnitude varies considerably as a
function of area. As a result, these larger changes in
pressure result in a largetp/dQ at low compliance
values.

The influence of wall viscosity is investigated by con-
structing pressure—flow relationships using the base pa-
rameter values and various wall viscosity values, as

We have performed two separate parameter variation shown in Fig. %c). For low wall viscosity values, the

studies to understand how the magnitude of the mechani-

cal properties of the ET, namely, compliancéngrm
=1/E) and wall viscosity f,), can independently effect
the pressure—flow rate relationship. For a given set of
parameter values, E@14) is used to calculate the varia-
tion in the shape independent ardg(t). SinceQ(t) is

a known sinusoidal function, Eq$9) and (14) can be
used to calculate the pressure as a function of tipgg),
given a collapsible lengthl. =3 cm; linear tube lawn
=1, the viscosity of air; and a downstream pressure,
Pa= Pex= 0. As a result, the pressure—flow rate relation-

tube wall is essentially modeled as a linear-elastic mate-
rial, i.e., Eqg.(10) with &,=0. Under these conditions
the material behaves similarly on inflation and deflation
and thus the hysteresis loop area is minimal. However, as
T, increases, the viscoelastic element induces a time
delay which results in a difference between the inflation
and deflation phase and thus an increase in the hysteresis
loop area. The hysteresis loop direction is governed by
the time-dependent functionp(t) and Q(t), and is in-
dicated by arrows in Figs.(8) and 3d). This clockwise
direction can be elucidated by considering two time

ship can be investigated for a variety of parameter values points labeled A and B, which have the same flow rate

by plotting p(t) as a function ofQ(t). The set of base

parameters used in both simulations arey,,
=14 cc/min, gz,=9cc/min, @w=27/(72S), Pext
=0mmH,0, Cpom=5e-7cm/mmH,0, and 7%,

=1.25e9 poise/ch Although we are using Eq14) of
the analytical model 4= Ppex), the pe=0 condition
insures that the results of this simulation will be identical
to using thepy=0 numerical model.

but are on the inflationA) and deflation(B) phases.
During inflation the viscous element delays the opening
of the tube while on deflation the viscous element delays
the collapse of the tube. Therefore, at a given flow rate,
the opening area during inflatigpoint A, Fig. 5d)] will

be slightly less than the opening area during deflation
(point B). As a result, the pressure on inflation is larger
than the pressures on deflation. These simulation results
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FIGURE 5. Simulation of pressure vs. flow rate and pressure vs. area hysteresis loops using the P 4= Pex analytic model. The

normalized compliance parameter,
hysteresis loops. The wall viscosity parameter,

area hysteresis loops.

indicate that the shape of the pressure—flow rate hyster-

esis loop will be a function of the compliance and wall

viscosity parameters. In the remainder of this paper we

Chom » effects the slope of both the (a) pressure—flow rate and the (b) pressure—area
A, effects the area of both the (c) pressure—flow rate and the (d) pressure—

Parameter Estimation

The experimental pressure and flow rate measure-

will use these models to analyze the experimental data. ments shown in F|g 3 can be used to generate a

Pressure (mm H,0)

275 4

250

225 ~4

200 ~

— — Linear analytical model
(PP N=1)
—— Non-linear numerical model
(p,=0)
® Experimental measurements

T T T T T

5 10 15 20 25 30
Flow Rate (cc/min)

FIGURE 6. Correlation of experimental and theoretical
pressure—flow rate hysteresis loops using the viscoelastic
analytical and numerical models.

pressure—flow rate hysteresis loop by plotting the pres-
sure, p(t), as a function of the flow rateQ(t), during
one cycle recorded at convergen@®lid points in Fig.

6). These pressure/flow data can be correlated with both
the numerical and analytical models to determine esti-
mates of ET mechanical properties. First, we investigate
the ability of the numericalgfy=0) model to capture the
experimental pressure/flow data. A least-squared analysis
is performed by using a nonlinear regression technique
[IMSL routine DRLIN (Ref. 33] to vary the free param-
eters €, Ty, Pext, and n) and to obtain the best fit
between the numerip,{t) function and the experi-
mentally measureg(t). The ability of this regression
technique to simulate the experimental behavior is shown
by the solid line in Fig. 6, in whichp,{t) is plotted as

a function of Q(t). This complete viscoelastic model
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TABLE 1. Comparison of the normalized shape independent compliance, shape independent wall viscosity, and periluminal

pressure obtained in each animal using the linear analytical (Pg=Pex -N=1) and nonlinear numerical (pz=0) models. Nonlinear
parameter n obtained using the numerical model is also presented.

Monkey Chom(X1077  ERoM(X 1077 ganacy 108 AU (x 108 paE Podt"
No. cm?/mmH,0) cm?/mmH,0) poise/cm?) poise/cm?) (mm H,0) (mm H,0) n
1 5.77 5.84 9.60 13.14 -60 0 1.57
2 1.86 1.65 11.65 21.18 —209 19 2.89
3 2.33 2.30 1.44 1.57 —130 86 3.80
4 3.92 3.93 5.78 6.91 —-36 43 1.78
5 1.34 1.34 5.31 0 377 0 3.77
6 4.23 4.07 8.11 12.38 —-103 17 1.73
7 5.33 5.53 6.48 9.58 —-109 40 3.99
8 5.45 5.59 8.47 10.60 —58 23 1.96
9 5.00 4.14 2.50 5.11 —120 0 2.99
10 4.54 4.55 6.77 8.91 —68 16 1.83
11 1.55 1.16 0.05 0.56 —288 9 3.66
12 3.25 3.15 9.36 13.55 —-109 3 1.88
Average*std.  371+1.61 3.61+1.68 6.29+3.51 8.62+6.22 ~139+102 21+25 2.65+0.96

accurately captures both the curvature and hysteresis ofwall viscosity, 72" and periluminal pressur@d™® The

the measured pressure—flow rate data, thus indicatingmean values of these parameters from three repeated
that both wall elastance and ViSCOSity should be included measurements are presented in Table 1 a|0ng side the

in the deSCfiption of ET mechanics. For each animal’s “numerical” model resu|ts(negativep22ta values are ex-

ET, the best-fit parameter values from this numerical plained in the Discussion sectipnLinear regressions
model were used to estimate the normalized Compllance between “numerical” and “ana|ytica|" results indicate

parameterChi™ ' from Eq. (13); the wall viscosity pa-  that Chom=0.98Chor),  r?=0.97  while  u'™

rameter, 7, "; the periluminal pressurgye,’; and the =1 .4(2"9, r2=0.80. Therefore, the numerical and ana-
coefficient,n. Table 1 list the average values 6fon,, lytical estimates of compliance are nearly identical while
'™, post, and n obtained from three repeated mea- the estimates of wall viscosity are strongly correlated but

surements in each animal as well as the average andgenerally lower in the analytical model.
standard deviations for each parameter.

The ability of the regression technique to uniquely DISCUSSION
determine ET mechanical properties was investigated by
calculating a coefficient of variatiofCV) for each pa- We have developed a modification of the standard

rameter. Specifically, for each regression the IMSL rou- forced-response test that yields continuous pressure—flow
tine DCOVB (Ref. 33 was used to calculate the rate data. A simple fluid-structure model of airflow in a

asymptotic estimated variance—covariance mathNk,  collapsed tube was developed and correlated with experi-
The standard error of thigh parameter, calculated as the mental pressure—flow rate hysteresis loops. This tech-

square root of theth diagonal ofV, was normalized to  nique was used to estimate several mechanical proper-

determine each parameter’'s CV. The CV values for all ties, including ET complianc@:norm, and wall viscosity,

H ~ num ;
parameters were consistentlyl0% except forg,,  in %, in 12 cynomologus monkeys. The goal of the cur-

animal 5 wh.ereﬁ(,‘vum~0. Thus, the current regression  yent testing technique and mathematical models was to

technique uniquely determines ET mechanical properties provide a method that can accurately determine ET me-

from the measured pressure and flow rate data. chanical properties and to provide an alternative to cur-
The mea;ured pressure—flow rate functions were also ent testing methods, which may not be clinically prac-

analyzed with the analyticalpg= pey) Model to inves- tical or highly accurate.

tigate the influence of the downstream pressure condi- e tubal compliance index, which is the ratio of

tion. As above, a regression analysis was performed by registance(pressure/flow at two separate flow rates, is
varying the free parameter&( i, , Pex) to obtain the  currently the most commonly reported measure of ET
best fit between the analyticgl,{t) and p(t). As mechanicgl?22425293%jnce the TCl is based on varia-
shown by the dashed line in Fig. 6, this analytical model tions in resistance, it may contain information regarding
also accurately simulates the experimental data. The distensability, but it is only a summary measure that does
best-fit parameter values from this analytical model were not conform with the engineering definition of compli-
used as alternative estimates of compliaﬁé?m= 1/E, ance @A/dAp). The TCI was calculated in each animal
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FIGURE 8. Pressure vs. area relationship demonstrating the

FIGURE 7. Relationship between the tubal compliance index breakdown of the linear model near the ~ A,=0 intercept. Area
(TCl) and the normalized compliance parameters obtained is calculated using the numerical model equations.

from the analytical model, Cia, .

and plotted as a function of the current measure of com- therefore, predicts reasonable compliance values and

pliance obtained from the analytical mod&22  (Fig. suggests that the ET is more rigid than other collapsible
7) to investigate the relationship between these two mea- biological tubes.
sures. Although these measures appear to be linearly In this study, we have analyzed experimental data

related, (TCF4.0e€C2" +1.15), the correlation coeffi- ~ With two separate mathematical models. As demonstrated

cient, which is a measure of the shared variance, of thisin Table 1, the linear analytical model, which uses a

relationship is only 68%. The TCI may, therefore, not be linear tube law, predicte,<0 while the numerical

an accurate measure of compliance and cannot be usednodel, with a nonlinear tube law, predigts,>0. Nega-

as a parametric estimator in formal descriptions of ET tive external pressures are not consistent with the physi-

mechanics. In contrast, the current estimate of compli- glogical congitions Ofda collagsedh EThuijer normall CO”-I
=ana : : _— itions. To better understand why the linear analytica

ance,C o, IS based on the engineering definition andh model predicts a negative,,, value, consider the pres-

is, therefore, a more accurate measure of how muc data sh in Fig. 8. H the sh
pressure must be applied to increase the ET lumen cross>Ure VErsUs area data snown in F1g. ©. Here, the shape

sectional area. In addition, the current testing technique Ndependent area is calculated using E#l) and the

has the advantage of being able to determine time- measured pressure and flow rate data shown in Fig. 6.
dependent mechanical propertié®., wall viscosity When these data are correlated with the linear—elastic

Although previous ET studies have not measured the solid mo(?el[Eﬂ. (12), fw=0, ﬂzé]’ tt]hz '?229 inFer—
engineering compliance, other investigators have mea-CEPL predicts thape,<0 (see the dashed line in Fig).8

sureddA/dAp in other collapsible biological tub&e This negative intercept, however, may not represent the

To compare the current results with those measurements,true external pressure since it is likely that the pressure

. . ~ ana vs. area relationship is highly nonlinear. The pressure—
the shape independent compliance parameGighy, area data can also be correlated with the nonlinear nu-

;“:/SJ Abe Csor;‘é?fr.tcesl '”tEO Egg)shf‘hpe df%eggsqagzg‘:'etermerica| model 6#1,%,=0), as shown by the solid line
p. Speciiically, 9 WIER pow= : in Fig. 8. Although this nonlinear model results in a

nition Cﬁgan: 1E=1/(ETs") can be used to calculate  gjmijar relationship in the region of experimental mea-
dA/dAp=CaaT'd?. Previous histological measure- surements, it predicts a positive intercemo>0).
ments” indicate that the shape of the ET lumen is ellip- These results suggest that accurate descriptions of ET
tical with a length-to-width ratio~7:1. This shape can  mechanics may require a nonlinear tube law. However,
be used to calculatEs=90 (see the Appendix and thus  Table 1 also demonstrates that both models yield similar
the averag€?™? value presented in Table 1 can be used results for the normalized compliance and wall viscosity
to calculated A/dAp=5e—5 cn?/mmHg. This value is  parameters. Therefore, although the inconsispegt<0
comparable to the magnitude obtained in the brachial results obtained in the linear analytical model can be
artery (10e-5 cnf/mmHg), and an order of magnitude accounted for with a nonlinear numerical model, a rela-
lower than the maximum compliance obtained in the tively accurate determination of compliance and wall vis-

urethrd’ (5e—4 cnf/mmHg. The current analysis, cosity can be obtained from either model.
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18 viscosity obtained from the analytical model do not dif-
® £, vs Slope fer significantly from the estimates obtained from the

Power Law Regression (Slope = 4.56e-4 (C,,,,"™) %",

=0.987

numerical model, and thus the use of the analytic model
in a clinical setting is justified.

If the computational resources are not available to
perform the least-squared analysis, it may also be pos-
sible to use the slope and area of the pressure—flow
hysteresis loop as preliminary estimates of compliance
and wall viscosity. We investigate the relationship be-
tween loop properties and the mechanical parameters by
plotting the slope and area as a function @22 and
né'@for all animals in Fig. 9. Here, analytic model re-

Average Hysteresis Loop Slope (mmH,0/(cc/min))

1 2 &4 s 6 sults are used since this model is more likely to be used
Normalized compliance (C,,,"™ x10”7 cm*/mmHzO) by clinicians. The nonlinear relationship between the av-
1200 erage slope an@2"@ shown in Fig. $a) can accurately
£ ® [, vs Loop Area be correlated with a power-law relationship (slope
§ 1000 7 L Regression (rea = B.14e TR, 158, =4.56e-4(Cnay~0661 +2-0.987). This relationship
=t 500 4 can be understood by considering a solution to Efk.
E (10), and (11) with pg=pex, N=1, andu,,=0:
E 600
3 #LQ(1)
3 400 - Ag(t): - = - (16)
2 2E
®
'3 200 -
£ b) From this relationship we can estimaﬂé\gldQ~91@m
0 . . . , , : . e B . =
o 2 . . . o A " using the definitionC,,=1/E. Since dp/dA _Cnorm
Wall viscosity (fi,*™ x10° Poise/cm?) [Eq. (10)]’ the~sI_025)39 dp/dQ_dp/dA dAdQ) _WIH be
proportional toC,,,, as predicted by the nonlinear rela-
FIGURE 9. Comparison of (a) average hysteresis loop slope tionship shown in Fig. @). Figure 9b) demonstrates
and the predicted compliance values and  (b) hysteresis loop that the hysteresis loop area aﬁ@na can be correlated

area and the predicted tube wall viscosity values. A ) . - ~ ana
with a linear relationship (area6.l4e-7u,, “—15.6,

r2=0.925). Thus, the average slope of the pressure—flow

To be a useful diagnostic tool the testing method and hysteresis loop could be used as an indicator of compli-
the mathematical models used to extract the mechanicalance, while the hysteresis loop area could be used as an
properties must be easy to implement in a clinical set- indicator of wall viscosity.
ting. The current testing procedure is based on the mini-
mally invas_ive standard_fqrce—_response test that ha_s been Limitations and Euture Studies
used previously by clinical investigatotsThe main
modification we have developed in this study is the ap-  As with any model study, the current mathematical
plication of an oscillatory flow rate once the ET is models, which are able to quantify ET mechanical prop-
opened. Since this modification is minor in terms of erties, do contain potential limitations. First, the ET’s
implementation, the current testing procedure can be pressure—area relationshifube law is assumed to be a
readily used in a clinical setting. The determination of simple polynomial relationship in the numerical model.
ET mechanical properties can be performed using both aSeveral investigators have, however, measured more
numerical model with standard downstream pressure complex nonlinear pressure—area relationships for other
boundary conditions and an alternative analytical model biological tubes: %3 Future studies will, therefore, em-
which analyzes experimental data with a relatively ploy magnetic resonance imagifRI) technique® to
simple closed-form solution, Eq(14). The analytical obtain a direct measurement of the ET's pressure—area
technique would be relatively easy to implement in a relationship. The MRI scans will be used to measure the
clinical setting. By contrast the numerical model requires cross-sectional area while concurrent pressure measure-
a more complicated analysis based on a finite- ments will be made via the force-response system. We
differencing technique and, therefore, may not be practi- will, therefore, be able to examine the conditions under
cal in a clinical environment. We have, however, dem- which this polynomial pressure—area relationship is
onstrated that the estimates of compliance and wall valid. These MRI-based experiments will also provide an
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alternative and more direct method of calculating the 800
compliance §A/dAp) of the ET. If a positive correla- =
tion exists, the current technique, which is significantly 2501
less expensive, may provide clinicians with a valuable
method for determining ET mechanical properties.

The current models also assume that the longitudinal
tension is sufficient to prevent spatial variations in cross-
sectional area. Although this assumption is supported by
ex vivo histological measurements in young childfén, 107
this assumption may not be valid in adults due to large 50_/
changes in lumen area and shape. Future studies will, )
therefore, use MRI techniques to determine the extent
and importance of thesi vivo spatial variations and 1 10
will also include a more-detailed finite-element-based Length/Width Ratio
analysis O.f the e.quations that govern the complex fluid- FIGURE 10. Variation of the hydraulic—geometric shape fac-
structure Interactions. . ) tor for various length-to-width ratio elliptical cross sections.

In summary, we have developed an engineering tech- This figure indicates that for a given cross-sectional area,
nique to determine the mechanical properties of the ET. the resistance to flow is minimal for a circular cross section.
Compliance and wall viscosity parameters were deter-
mined by correlating both numeric and analytic math-
ematical models of airflow in the ET with experimental
pressure—flow rate data. This technique is significantly
more sophisticated than current clinical testing tech-
nigues in that the compliance of the tube is based on
engineering principles and the viscoelastic nature can be
quantified. In addition, both the numeric and analytic
models yield similar estimates of compliance and wall
viscosity. The analytic model, which is the most clini-
cally applicable model, will, therefore, be used in future
studies to explore the physical contributors to ET me-
chanics. For example, the size and composition of the ET
cartilage, the surface condition of the mucosa lining
layer, and the resting tonus of the musculature are all
expected to affect ET mechanics. Future studies will
therefore include the measurement of mechanical prop-
erties before and after paralysis of the tensor veli palatini
muscle and installment of surface active agents to the
mucosa(surfactant replacement therapps a result, we
will be able to determine if a particular factor is an
important determinant of ET mechanics. Identification of
these factors may lead to more effective treatment strat-  The authors thank Julie Banks for her invaluable as-

200

150 A

Hydraulic Geometric Shape Factor, Ty

main consisted of elliptical cross sections with various
length-to-width ratios. Once the domain is specified, Eq.
(6) is used as the field equation and the appropriate
Neuman boundary conditionF¢ =0) is applied to the
boundary. The FlexPDE®© software’s automatic mesh
generation and adaptive mesh refinement capabilities are
used during the solution process. Once a solutiorFfor

is obtained, the appropriate integrals are also calculated
by the software package. Figure 10 demonstrates hpw
can vary for different geometric shapes and that for a
given cross-sectional area the resistance to flow is mini-
mized by a circular cross section. In addition, the calcu-
lated value ofl' for a circular cross sectio(25.136 is

in excellent agreement with the theoretical valuer(8
=25.133), thus validating the computational approach.
Since this technique can be used for any arbitrary cross-
sectional geometry, it is particularly suited to biological
systems such as the ET where the geometry is complex.
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