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ABSTRACT

Transmucosal CO2 exchange in the middle ear (ME)
of the New Zealand White rabbit (Oryctolagus cunicu-
lus) was studied using an accurate novel detecting
and recording system for measuring gas volume
changes at constant pressure, based on a principle
that was previously used by Kania et al. (Acta
Otolaryngol 124:408–410, 2004). After the ME cavity
was washed with ambient air, the initial diffusion rate
of CO2 (V

�
iCO2) from the blood perfusing the ME

mucosa was calculated from gas volume change
measurements. In nine cases, the V

�
iCO2 calculated

after normalization due to shifts in baseline was 314 T
112 mLIh

_1 (mean T SD). In two cases where nor-
malization was not needed, V

�
iCO2 was 409 mLIh

_1

(276 and 543 mLIh
_1). Normalization of V

�
iCO2 data

was also made in five additional cases where secretion
of fluids from the lining of the ear canal was ob-
served. In these cases V

�
iCO2 was 245 T 142 mLIh

_1. No
differences were found between results obtained in
the three groups. Thus, an overall mean value of
V
�

iCO2 of 305 T 131 mLIh
_1 (n = 16) was calculated.

An effective coefficient of conductance of CO2 (G CO2)
between the mucosal circulation and the ME gas
cavity of the New Zealand White rabbit was estimated
to be $0.05 mL (hIPa)

_1 and compared to the G CO2

estimated for humans in a different study.
Keywords: rabbit, middle ear, gas exchange, CO2

conductance

Abbreviations: A – the surface area of a diffusion
barrier; B – the value of DVt when t approaches
infinity; Dg – the diffusion coefficient of a gas in a
diffusion barrier; EC – ear canal; ET – Eustachian
tube; G CO2 – the coefficient of conductance of CO2;
i.m. – intramuscular; i.v. – intravenous; k – the rate
constant of gas volume increase; L – thickness of a
diffusion barrier; ME – middle ear; PaCO2 – the partial
pressure of CO2 in the arterial blood; t – elapsed
time; TM – tympanic membrane; V

�
g – the rate per

unit of time of gas diffusion through a barrier;
V
�

iCO2 – the initial diffusion rate of CO2; ag – the sol-
ubility coefficient of a gas in a diffusion barrier; DPg –
the partial pressure difference of a given gas across a
diffusion barrier; DVt – the deviation of ME volume
with time.

INTRODUCTION

The middle ear (ME) cleft, a rigid gas-filled cavity,
differs in size and morphological structure between
species. Whereas some (e.g., humans, guinea pigs,
pigs) have complex gas-filled systems containing mul-
tiple connected cells (e.g., the mastoid gas cell system
in humans) that are connected to the ME cavity itself,
others (e.g., rats, rabbits) have a rather simple struc-
ture (bulla) (Hellström et al. 1982; Judkins and Li
1997; Goksu et al. 1992; Pracy et al. 1998; Hamada
et al. 2002).

Exchange of ME gases (N2, O2, CO2, H2O, Ar)
between the ME and the blood vessels of the mucosa,
through the mucosal lining, has been studied in
different animal models, usually by measuring ME
pressure variations following disturbances in normal
ME gas composition. Such studies include replace-
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ment of the ME gas contents with other gas mixtures.
In this way, the normal steady-state condition of ME
gas is challenged, and until steady state is reestab-
lished, the general gas exchange process over time
can be studied. This general method has been used
in different animals, e.g., rabbits (Hamada et al.
2002), rats (Kania et al. 2004), and monkeys (Doyle
and Seroky 1994; Doyle et al. 1995, 1999), and also in
humans (Aoki et al. 1998; Uchimizu et al. 2005). It
has also been described by mathematical models
(e.g., Doyle and Alper 1999; Fink et al. 2003).

In the present study, the course of ME gas volume
change with time until steady state is reestablished
and beyond was followed, after flushing with ambient
air the MEs of anesthetized rabbits [with closed
inactive Eustachian tubes (ETs)]. An initial increase
of the measured ME gas volume at constant ambient
pressure that was observed (phase Ba^), gradually
turned into a linear decrease in volume (phase Bb^)
(Figs. 1 and 4).

Phase Ba^

We assumed that phase Ba^ was governed by fast
diffusion of CO2 from the blood that perfuses the ME
mucosa into the ME, down its partial pressure dif-
ference. It was further assumed that due to the air
flush of the ME at the beginning of each experiment,
the initial concentration of CO2 in the ME was very
close to zero. Thus, the value of the initial partial
pressure difference of CO2 between the blood and
the ME was assumed to be equal to the partial pres-
sure of CO2 in the blood.

The assumption that the initial increase in volume
(Kania et al. 2004; this study) or in pressure (Hamada
et al. 2002; Aoki et al. 1998; Uchimizu et al. 2005) can
be attributed to an initially relatively fast CO2

diffusion into the ME space from the blood circulating
in the mucosa is based on the fact that its mucosal
solubility is much higher than that of the other gases
involved (Sadé and Ar 1997; Doyle and Seroky 1994;
Doyle et al. 1999; Fink et al. 2003). This assumption
was further supported experimentally in rabbits where
phase Ba^ did not occur when the ME was initially
flushed with a gas mixture containing 5% CO2

(similar to venous blood; Hamada et al. 2002).

Phase Bb^

Because the rate of N2 exchange is slower than that
of O2 and much slower than that of CO2 (Doyle and
Seroky 1994; Doyle et al. 1995, 1999), while O2 and
CO2 reach a steady-state situation in which they are
nearly in equilibrium with the surrounding tissues
and blood relatively quickly, the difference for N2 is
maintained as long as the total ME gas pressure is
maintained. This is the situation under normal con-

ditions when the ET function admits gas from the
nasopharynx (Sadé and Ar 1997).

It was assumed that if the ET is closed, the linear
decrease in volume with time that was measured in
phase Bb^ represented a steady-state condition, gov-

FIG. 1. (a) Phase Ba^: The volume change is governed by diffusion
of CO2 from the blood that perfuses the ME mucosa into the air-
flushed ME, down its partial pressure difference. The influence of O2

that diffuses down its partial pressure difference from the ME into the
blood is assumed to manifest itself at a later part of that phase [when
the curve presented in (c) approaches a plateau; the partial pressure
of H2O does not change and is not shown in the scheme. The
overall volume change in phase Ba^ is depicted in (c)]. (b) Phase Bb^:
The volume change is governed by diffusion of N2 from the ME into
the blood that perfuses the ME mucosa, down its partial pressure
difference (following an equilibration of O2 and CO2 with the
mucosal blood circulation). There is no change in the partial pres-
sure of water vapor (not shown in scheme). (c) A simplified
theoretical illustration of the expected total gas volume changes in
the ME (phases Ba^ and Bb^) at a constant total ME pressure.
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erned by net continuous N2 diffusion from the ME
into the blood followed by reequilibration of the
partial pressures of O2 and CO2 down their partial
pressure differences but without replenishing the gas
through the ET.

In our experimental conditions, where the animals
are anesthetized, the ET is not functioning; thus, the
compensation for absence of ventilation is the volume
reduction of the experimental system employed (see
BMaterials and methods^). It is depicted as a linear
decrease in ME volume (Ar et al. 2003; Kania et al.
2004; Fig. 4).

Measuring ME gas exchange on the basis of pres-
sure change at a constant volume has essential draw-
backs: The results are highly susceptible to even the
smallest leaks as the exchange processes involve rel-
atively little gas exchange. Leakage will underestimate
the pressure increase in phase Ba^ and the following
pressure decrease will erroneously be interpreted as a
volume decrease. In addition, the total pressure
changes would, by nature, change the partial pres-
sures of gases involved, thus changing the gas pressure
differences between the ME gas and the gas in the ME
circulation. In contrast to pressure measurements
(=constant volume), the volume change measure-
ments (=constant pressure) are independent of the
system volume (including its dead space) and present
directly and quantitatively the gas volume changes
involved. Moreover, isopressure measurements are
less susceptible to very small leakages than isovolume
measurements. In an absolute pressureless volume
change measurement, this artifact is excluded; in a
near-pressureless measurement like ours, it is very
much attenuated.

Various findings indicate that the ME is susceptible
to pressure. Based on their measurements of pars flac-
cida (PF) motions, Hellström and Stenfors (1983) ar-
gued that the PF may act as a pressure receptor, a view
that was supported by the discovery of nerve endings
in the tympanic membrane (TM) (e.g., Wilson 1911;
Nagai and Tono 1989; Nagai 1995). ME pressure is
continuously regulated during the day (Tideholm
et al. 1998; Dirckx et al. 2001) by action of the ET
muscles, possibly through neural feedback loops
(Eden and Gannon 1987; Eden et al. 1990). In a very
recent work (Nielsen et al. 2005), actual brain activity
triggered by changing ME pressure has been demon-
strated. Although there is no conclusive evidence yet,
all these findings indicate that ME pressure is actively
regulated.

Ar et al. (2003) measured ME gas volume changes
at constant pressure equal to ambient pressure. In
the system they used, the displacement of a droplet
in a horizontal air-filled capillary (see BMaterials and
methods^) was measured manually using successive
image frames taken by a video camera.

The aim of the present study was to describe
transmucosal CO2 exchange and thereby to evaluate
experimentally the coefficient of conductance of CO2

in the ME of the rabbit, using a high-resolution
measurement system that was developed in our
laboratory.

The importance of the isopressure method in the
clinical setting was emphasized before by Sadé et al.
(2005) in the context of hyperectasis. The method
has a general value as well, as it can be used to cal-
culate conductance of various gases of interest (e.g.,
N2O), using the same technique that was used in the
present study to estimate CO2 flux and conductance.
It may also be used to validate theoretical estimations
(Fink et al. 2003; Kanick et al. 2005) of that variable
in different gases.

MATERIALS AND METHODS

The procedure used in the present study included an
initial flushing of the ME with ambient air in ears
with preperforated TMs that were exposed to the
atmosphere. The gas composition of such MEs that
were exposed to the atmosphere (through a ventilat-
ing tube or a chronic perforation) was found to be in-
between that of air and normal ME gas composition
(Felding 1998). Thus, in the present study, a flush of
the ME with ambient air allowed us to start the
measurements with a well-defined ME gas composi-
tion to avoid the need for use of additional sensors
and, at the same time, to study the exchange process
of a single gas. The same system can thus be used in
the future for similar studies using other gas mixtures
for the initial flush of the ME.

Animals

The animal model selected for the present study was
the rabbit. Compared with other available laboratory
animals, it has a relatively large ME volume of
approximately 300 mL (that of the rat is one order
of magnitude smaller). It was expected that per-
forming measurements on a ME with a relatively large
gas volume would increase the accuracy of the
measurements and allow more time to follow the gas
volume changes.

Measurements that were made on 16 male New
Zealand White rabbits (Oryctolagus cuniculus) (2.8 T
0.3 kg) are presented. The rabbits were maintained
under artificial light cycle conditions (8L:16D). Food
and water were supplied ad lib.

The rabbits were anesthetized by intramuscular
injections of ketamine (35 mg/kg; Anesketin, 100
mg/mL, Eurovet Animal Health, Belgium/the Neth-
erlands) and xylazine (5 mg/kg; Rompun 2%, Bayer,
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Belgium). Duringtheexperiment,anesthesiawasmain-
tained by continuous intravenous infusion of a mix
of anesthetics at a constant rate (ketamine, 0.221 mL
kg

_1 h
_1; xylazine, 0.111 mL kg

_1 h
_1; Ringer, 5 mL

kg
_1 h

_1), using an infusion pump. Ophthalmic
ointment (Lacrytube, Vitaris, Belgium) was applied
to the eyes to prevent drying of the cornea during the
experiments.

Body temperature was maintained at 38.9 T 0.8-C
by using a thermoregulated heating blanket (Harvard
Apparatus, USA). Pulse and blood O2 saturation were
monitored using a pulse oximeter (Oxypleth, Model
520A, Novametrix, USA; heart rate = 191 T 18 beats/
min; blood hemoglobin O2 saturation = 87 T 5%).

The study was performed according to the regu-
lations of the local ethical committee.

The TM was examined by otomicroscopy at the
beginning of each experiment to verify that the ME
and the TM were healthy. The TM was perforated un-
der general anesthesia, using the surgical microscope.

The ear canal of the rabbit is very complex in
shape. Behind the distal soft part of the cartilaginous
ear canal, the proximal cartilaginous part is curved by
an angle of nearly 90-. This part ends on the bony
orifice of the ME, and the annulus of the TM is
positioned nearly at a right angle to that orifice. A
mold of the ear canal is shown in Fig. 2. Both the
deep part of the soft cartilaginous ear canal and the
bony part have a very delicate epidermis that is sen-
sitive to touch. The dermis under it becomes ede-
matous and bleeds easily. By stretching the canal as
much as possible, one can just obtain a very oblique
view of the TM. During the experiments, it became

clear that blood accumulated frequently in the deep
part of the ear canal if the sensitive part of the ear
canal was touched during TM perforation. Ten mea-
surements were performed using only a speculum
and a small stiff wire for puncturing the TM. Four of
them were discarded, either due to excessive bleed-
ing in the ear canal (correlated with a negligible vol-
ume change comparing to the other cases), noise in
the system (electrical noise that was intense enough to
hinder a large part of the measured curve), or when
phase Ba^ was not measured (due to a technical
problem in the initial step when the ME was flushed).

Since some of these measurements (three out of
six cases) showed continuous volume increases at-
tributable to extremely small amounts of fluid or
blood that accumulated in the ear canal, we devel-
oped a special tool to perform the perforation. Ten
measurements were performed using that tool (in
two of them the same continuous volume increase
due to fluid or blood accumulation was observed).
Briefly, a thin tube was mounted on the shaft of a
rigid endoscope (diameter, 2.7 mm; length, 11 cm;
Karl Storz, Germany) through which a thin metal
wire could be guided under inspection into the ear
canal. The endoscope was introduced to a level just
before the bend in the ear canal. The wire was
manipulated to stay away from the ear canal walls
until it reached the TM, where it caused the desired
perforation. We prepared wires with a little sphere
attached to the end, but even touching with such a
blunt object irritates the canal wall. Using the
endoscope, however, we managed to perforate the
TM in a few ears without touching the medial part of
the ear canal. In these cases, no bleeding or fluid
formation was observed.

In the BResults^ section we report separately re-
sults with and without fluid formation.

A glass capillary (inner diameter, 0.72 mm) was
mounted horizontally on a custom-made optoelec-
tronic device (described in detail below). One end of
the capillary was open to ambient air and the other
was connected to the ME through a three-way
stopcock (Fig. 3). This stopcock was connected to a
second stopcock with a polyethylene tube (Fig. 3), to
which a pressure transducer (Fluke 700PD2, USA)
and a 1-mL syringe filled with air, were connected.
The system was connected to the ME through the
first three-way stopcock by a polyethylene tube con-
nected to a short greased glass capillary. The glass
capillary was introduced into the ear canal (Figs. 2
and 3) and was kept in place by injecting a fast-setting
ear molding material (Dreve-Otoplastik, Germany)
around it. After checking that the system was airtight
(see below), a water droplet (containing a surfactant,
as explained below) was introduced into the capil-
lary. The ME was air-flushed using the 1-mL syringe.

FIG. 2. Left: a complete impression of a rabbit ear canal (EC) up to
the tympanic membrane (TM) level. A 90- curvature followed by a
small orifice makes the TM difficult to reach. Right: connection of
the measurement system to the ME through the ear canal: The
impression material forms an airtight fit between the glass capillary
(tip is seen) and the ear canal. The capillary does not enter the
proximal part of the ear canal in order to prevent damage to the
vulnerable lining of that part.
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About 4 kPa of pressure was applied to ensure opening
of the ET and thus flushing the entire ME through the
ET. The system was then closed and the automatic
monitoring of gas volume changes started. At the end of
the experiment the ME was examined again under the
microscope.

Checking the airtightness of the system

As the capillary in such experiments is in a horizontal
position and the friction is very low, negligible
pressure is needed to move the droplet. To minimize
the effect of surface tension, we added some surfac-
tant to the droplet fluid. A droplet of about 5 mm
long will start moving down when the capillary is
placed in the vertical position, showing that a
pressure of less than 50 Pa is needed to make the
droplet move. Hence, it is safe to say that measure-
ments were done at constant pressure and that we
recorded pure volume changes. However, the need
for up to õ50Pa pressure difference to make the
droplet move can cause artifacts if the system is not
perfectly airtight: when volume increases very slowly,
gas may leak away and the little pressure needed to
move the droplet is not established in full, giving an
artificially low reading of volume change. This was a
challenge in all measurements, and great care was
taken to obtain airtight fits. The airtightness was
checked by applying about 1 kPa of pressure, which is
not sufficient to open the ET in humans (Sakakihara
et al. 1993), and monitoring to check that pressure in
the closed system was maintained.

A high-resolution device for automatic
monitoring of gas volume changes ( DVt )
with time (t)

The position of the liquid droplet inside the glass
capillary was measured by using the custom-made
optoelectronic device. A cold light source sends light
into the back end of the horizontal capillary, which
acts as an optical waveguide. The light is transmitted
along the length of the capillary bore, and due to
internal reflection almost no light is emitted in the
perpendicular direction. Seen from the side, the cap-
illary is practically dark. At the position of the droplet,
light enters the fluid, and at the back and front end
of the droplet, light is reflected in all directions by
both menisci of the fluid. As the curvature of the
proximal fluid meniscus is opposite to the propaga-
tion direction of the light, it reflects much more
strongly than the distal meniscus. Hence, one sees
the proximal meniscus as a tiny bright light spot in
the capillary. Using mirrors and an imaging lens, the
entire length of the capillary (about 19 cm) is pro-
jected on a linear charge-coupled device (CCD)
array. The capillary is covered so ambient light can-
not reach the detector. Hence, all pixels are dark,
except two to three pixels that are illuminated by the
light reflected from the droplet. The CCD array de-
livers an analog output signal, where time corre-
sponds to pixel position and voltage to pixel intensity.
This signal is read about three times per second by a
PC. Software determines the position of the intensity
peak. In this way we obtain a position reading of
the droplet meniscus about three times per second.
The position data, together with the exact time when
the position was determined, are stored in the com-
puter memory.

As we used a 2048-pixel CCD array to measure 19 cm
of capillary length, the theoretical resolution of the
system is 0.092 mm. The resolution of the position
measurements depends also on the optics and the
accuracy of the signal triggering, so we determined the
actual resolution from a calibration measurement. This
showed that the droplet position can actually be
measured with accuracy better than 0.2 mm. With a
0.72-mm-bore capillary, this corresponds to a volume
measuring accuracy better than 0.08 mL.

Data analysis: underlying assumptions
and normalization methods

The rate of transmucosal diffusion of gas from the
blood perfusing the ME mucosa into the ME cavity
was determined by using phase Ba^ data. This was
done assuming that the rate-determining volume
changes at the onset of the experiment are mostly
due to the fast-diffusing CO2.

FIG. 3. Connections between the measuring system and the ME: A
glass capillary (left) was mounted horizontally on a custom-made
optoelectronic device. One end of the capillary was open to am-
bient air and the other was connected to the ME through a three-way
stopcock by a polyethylene tube connected to a short greased glass
capillary. The glass capillary was introduced into the ear canal (EC)
and was kept in place by injecting a fast-setting ear molding material
around it (not shown). Air flush was performed through a second
polyethylene tube connected to this stopcock (explained in detail in
the BMaterials and methods^ section).
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Normalization of phase Ba^ results

The experimentally obtained curves of DVt vs. t were
normalized to cancel effects such as the secretion of
fluids from the surface of the ear canal or diffusion of
other gases during phase Bb,^ when observed.

Phase Bb^ was regarded as a constant shift in
baseline. When both phases Ba^ and Bb^ were ob-
served (e.g., Fig. 4), the phase Ba^ curve was nor-
malized by using the corresponding values obtained
from the extrapolation to t = 0 of the linear equation
fitted to phase Bb.^ This was done assuming that the
exchange (loss) of other gases in phase Bb^ is linear
with time (see the BIntroduction^).

In some cases, where a linear increase in volume
was observed after phase Ba^ and fluid was found in
the ear canal at the end of an experiment (e.g., Fig. 5),
the linear increase in volume was attributed to
continuous secretion of fluids into the closed volume
of the ME system. Thus, experimental values were
normalized by subtraction from the original expo-
nential curve fitted to phase Ba^ [explained below;
Eq. (2)], the corresponding values from the extrap-
olation to t = 0 of the linear equation describing the
increasing part of the curve.

In few cases, a plateau was observed from the end
of phase Ba^ and after (e.g., Fig. 6). In these cases,
phase Ba^ curves were not normalized.

Using calculations based on the volume change
values obtained, the coefficient conductance of CO2

(GCO2) for the mucosa was calculated as follows:
The diffusion rate of a gas through a permeable

barrier in steady state can be described by Dejours
(1981):

V
�

g ¼ Dg � �g �
A

L

� �
��Pg ð1Þ

where V
�

g is the rate per unit of time of gas diffusion
through the barrier thickness L, Dg is the diffusion
coefficient of the gas in the barrier, A is the surface
area of the barrier, ag is the solubility coefficient of
the gas in the barrier, and DPg is the partial pressure
difference of a given gas across the barrier.

Or simply by lumping all physical and morpholog-
ical constants of a given system into a gas conduc-
tance value, Gg, we obtain Gg ¼ Dg � �g � A

L

� �
, and

thus Eq. (1) becomes:

V
�

g ¼ Gg ��Pg ð1aÞ

For CO2, GCO2 can thus be calculated using Eq.
(1a) when V

�
CO2 and DPCO2 are known.

Calculation of DPCO2

The DPCO2 across the ME mucosa was defined as the
difference between the partial pressure of CO2 of the
arterial blood (PaCO2) perfusing the ME mucosa and
the partial pressure of CO2 in the ME cavity.
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FIG. 4. A typical example of gas volume changes recorded
(without pressure change) in the ME of a rabbit after flushing the
ME with ambient air, demonstrating phases Ba^ and Bb^.
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FIG. 5. An example of actual gas volume changes (phase Ba^) and
further volume increase, possibly due to secretion of fluids into the
closed system.
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FIG. 6. An example of gas volume changes recording (phase Ba^)
without further increase or decrease in volume.
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The approximate value of PaCO2 (õ6222 Pa) during
the time frame of the measurements was obtained
from a previous study (Wyatt et al. 1989), where the
New Zealand White rabbit was maintained under a
similar protocol of anesthesia. This value was assumed
to be similar in all the animals in the present study.

We assume that at the beginning of the experi-
ment, after washing the ME with ambient air, the
influence of CO2 production by the ME mucosa is
negligible and the initial partial pressure of CO2 in
the ME is very close to zero. Hence, at the beginning
of the experiment, the value of DPCO2 ; PaCO2

_ õ0 ;

PaCO2.
We also assume that for very short periods of time

Eq. (1) can describe V
�
CO2. Thus, initial V

�
CO2 at

time zero (V
�

iCO2), where other parameters of Eq.
(1) are constant, is determined solely by PaCO2.

Calculation of V
&
iCO2

A first-order exponential curve was fitted to phase
Ba^ in the form of:

�Vt ¼ B 1� e�kt
� �

ð2Þ

where DVt is the deviation of ME volume starting
from the closure time of the system, k is the rate
constant of gas volume increase, t is elapsed time

from system closure, and B is the value of DVt when t
approaches infinity.

It was assumed that the first derivative of the
normalized Eq. (2) at t = 0, DVt=0 = kB, represents the
initial V

�
CO2 from mucosal blood into the air-flushed

ME cavity (V
�

iCO2). It was obtained by fitting the
normalized experimental data to Eq. (2) using the
Simfit software (W.G. Bardsley, University of Man-
chester, UK). In cases where results were obtained for
both ears of the same rabbit, an animal average V

�

iCO2

was used to overcome the dependence of results
within the same animal.

Calculation of GCO2

Using the values of V
�

iCO2 from the present study,
the DPCO2 value of 6222 Pa obtained from a previous
study (Wyatt et al. 1989), and using Eq. (1a), the
values of G CO2 were calculated.

RESULTS

All three types of volume variations mentioned above
were observed during the experiments:

1. Both phase Ba^ and phase Bb^ are obtained (n = 9;
Fig. 4; Table 1). As can be seen in Fig. 4, the initial
volume increase due to CO2 diffusing into the ME

TABLE 1

Initial CO2 influx into the ME ðV
�

iCO2Þ: Results of normalization methods

Rabbit no. Phase Bb^ correction BFluids^ correction No correction

R1 467.29
R2 159.88
R3 179.03
R4 329.67
R5 (2 ears) right, 364.58

left, 187.49
average, 276.04

R6 (2 ears) right, 205.17
left, 219.08
average, 212.125

R7 445.42
R8 282.97
R9 334.32
R10 298.08
R11 542.91
R12 495.57
R13 283.49
R14 167.61
R15 322.23
R16 79.76

Mean 314 245 409
SD T 112 T 142
N 9 5 2

Values are in microliters per hour. See BMaterials and methods^ for details.
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lasts more than 500 s. After 800 s, a practically
linear decrease is seen (phase Bb^), which has a
much longer time scale than phase Ba^. Figure 4
demonstrates the extremely small volume changes
that are involved in the process: The entire
volume increase in phase Ba^ is less than 15 mL.
Such extremely small values necessitate the use of
a high-resolution device to obtain precise mea-
surements (see BMaterials and methods^).

2. Phase Ba^ occurs, followed by a linear volume
increase (n = 5; Fig. 5; Table 1). In all these five
cases, fluid containing blood was found in the ear
canal after the experiment. In our assumptions,
we consider the rate of volume increase due to
secretion of fluids to be constant throughout the
measurements.

3. Initial volume increase (phase Ba^) followed by a
plateau (n = 2; Fig. 6; Table 1). In these cases,
small amounts of fluid were found in the ear canal
at the end of the experiments. Thus, apparently,
the volume increase caused by secretion of fluids
is cancelled by the volume decrease attributed to
gas exchange.

In all the cases above, ears were checked for
airtightness, and phase Ba^ was observed.

Table 1 presents the normalized results divided
according to the three groups above. In two rabbits,
results were obtained for both the left and right ears.
Due to dependence within these animals, an average
value was calculated for each of them.

The results of the three groups were not different
(the large standard deviations around the means in
these groups show that most of the results are within
the same range of values). Thus, the overall mean
initial rate of CO2 entrance into the ME was found to
be V

�

iCO2 = 305 T 131 mLIh
_1 (mean T SD, n = 16).

DISCUSSION

We have studied transmucosal CO2 exchange in the
ME of the rabbit using an improved experimental
setup based on the constant-pressure technique that
was previously used in the rat (Kania et al. 2004).
Automation of the measurement system in the
present study, combined with the fact that the rabbit
has a relatively large ME, enabled accurate recordings
of small gas volume changes.

Data obtained from phase Ba^ (Figs. 4, 5, and 6)
were used for the analysis under the previously
supported assumption that the initial volume in-
crease in that phase represents diffusion of CO2

from the blood into the air-flushed ME, down its
partial pressures difference (Hamada et al. 2002).

To obtain as accurate a value of V
�

iCO2, as possible,
we have corrected for the influence of other process-

es that were presumably going on during the experi-
ments, as explained in the BMaterials and methods^
section. Since the mean V

�
iCO2 was not significantly

different between the three groups, an overall mean
V
�
CO2 value of 305 T 131 mLIh

_1 (mean T SD, n = 16)
was calculated.

The apparent large standard deviation is rather
typical for ME variables and in our case may be
partially attributed to variability in ME mucosal blood
flow, effective thickness, and partial gas pressures in
the blood.

Using Eq. (1), we have evaluated the coefficient of
conductance of CO2 (GCO2) of the ME mucosa of the
rabbit, at an approximate temperature of 40-C
[intermediate value between the body temperature of
the rabbits as recorded in the present study and the
body temperature reported by Wyatt et al. (1989)]:
GCO2 $ 0.05 mL (hIPa)

_1 or 8.333 � 10
_4 mLI(minIPa)

_1.
Because of the large standard deviation of the V

�
iCO2

used to calculate GCO2, and the possible (unmea-
sured) variation in PaCO2, we can only say that GCO2

of the rabbit ME mucosa must be anywhere between
0.5 and 1.2 � 10

_3 mLI(minIPa)
_1. Unfortunately, we

have no literature data on rabbits to compare our
results with. However, Fink et al. (2003) have
estimated that GCO2 in humans is higher: 2.5 �
10

_10 molI(sImmHg)
_1, which is õ0.34 mL (minIPa)

_1

at 37-C. When comparing the rabbit value to that of
humans, one should take into account the other
parameters that make up the conductance, in partic-
ular, the active surface area of the mucosa, which is
not known yet for both species. However, assuming
that diffusion distances are similar in all mammals,
the GCO2 ratio may indicate that the active mucosal
surface area of humans is two orders of magnitude
higher than that of the rabbit.

Influence of anesthesia

ET activity. We have assumed that because the rabbits
were maintained under general anesthesia during
the experiments, the ET did not open spontaneously
and no ventilation occurred via the ET. This assump-
tion was proved experimentally to be true in rats
(Kania et al. 2004), and the similarity in the pattern
of the curves between their study and ours provides
further support to this assumption. In both studies,
the curves obtained were rather Bsmooth,^ in con-
trast to fast up/down pressure changes observed in
awake humans (Mover-Lev et al. 1998; Tideholm et al.
1998), which could be attributed to deglutition
events.

Influence on the arterial PaCO2. It has been shown in
New Zealand White rabbits by Wyatt et al. (1989) that
intramuscular induction of anesthesia with ketamine
and xylazine followed by constant infusion of the
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anesthetic mix leads to an increase in arterial PaCO2.
In their study, the mean PaCO2 increased to $46.67
mmHg ($6222 Pa) within 30 min after initiation of
the infusion (estimated from Fig. 1). PaCO2 stayed
approximately constant for 120 minutes after initia-
tion of the infusion followed by a further increase up
to a maximum of 50.2 mmHg ($6693 Pa; 66.5%
above baseline) after 3 h of infusion. However, for
our purposes, such a change, which presumably
stems from reduced ventilation, is not manifested in
our experiments since we used early data (phase Ba^)
for our analysis.

CONCLUSIONS

An experimental setup has been developed that allows
studying small gas volume changes in an animal’s ME,
with both high volume resolution (0.08 mL) and high
time resolution (3 Hz). Using the initial volume
changes after washing the ME with air and assuming
that it represents mainly CO2 penetration, we have
studied the ME transmucosal CO2 exchange in the
rabbit. An initial flow rate of 305 T 131 mLIh

_1 (mean
T SD, n = 16) was found. Compared to the rabbit ME
volume of ca. 300 mL, this value demonstrates that
mucosal gas exchange and gas conductance are
major factors in ME gas economy.
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TIDEHOLM B, CARLBORG B, JÖNSSON S, BYLANDER-GROTH A. Continuous
long-term measurements of the middle ear pressure in subjects
without a history of ear disease. Acta Otolaryngol. (Stockh)
118:369–374, 1998.

UCHIMIZU H, UTAHASHI H, HAMADA Y, AOKI K. Middle ear total
pressure measurement as a useful parameter for outcome
prediction in pediatric otitis media with effusion. Int. J. Pediatr.
Otorhinolaryngol. 69(12):1659–1665, 2005.

WILSON JG. The nerves and nerve endings in the membrana
tympani of man. Am. J. Anat. 11(2):101–112, 1911.

WYATT JD, SCOTT RA, RICHARDSON ME. The effects of prolonged
ketamine–xylazine intravenous infusion on arterial blood pH,
blood gases, mean arterial blood pressure, heart and respiratory
rates, rectal temperature and reflexes in the rabbit. Lab. Anim.
Sci. 39:411–416, 1989.

MARCUSOHN ET AL.: Middle Ear Gas Volume Changes 245


	High-Resolution Measurements of Middle Ear Gas Volume Changes in the Rabbit Enables Estimation of its Mucosal �CO2 Conductance
	Abstract
	Introduction
	Phase &ldquo;a&rdquor;
	Phase &ldquo;b&rdquor;

	Materials and methods
	Animals
	Checking the airtightness of the system
	A high-resolution device for automatic monitoring of gas volume changes (•&Dgr;Vt•) �with time (t)
	Data analysis: underlying assumptions �and normalization methods
	Normalization of phase &ldquo;a&rdquor; results
	Calculation of &Dgr;Pco2
	Calculation of </InlineEquation>
	Calculation of Gco2

	Results
	Discussion
	Influence of anesthesia
	ET activity
	Influence on the arterial Paco2


	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


