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Introduction

Maintenance of equal pressure on either side of the tympanic membrane is a
physiological function of the middle ear, the mechanisms of which are com-
plex and, as yet, are not fully understood. This function, which is involved in
maintaining the tympanic membrane in its correct anatomical position, is de-
pendent upon the ability of this organ to allow gas to enter and leave the cavi-
ties. It involves two different systems with highly distinct mechanisms of op-
eration, but with complementary actions:

e the mucosa of the mastoid cavity; and

e the fibrocartilaginous eustachian tube,

The main element is the mastoid mucosa, which allows bidirectional diffusion
of gas where a pressure gradient exists between the two sides of the tympanic
membrane. This mechanism has been justifiably compared with that of the
pulmonary alveoli.'

The fibrocartilaginous eustachian tube also plays a precise role: when it opens,
two cavities containing gas at different pressures are connected, and the pres-
sures are equalized through a physical mechanism involving rapid displace-
ment of gas from the compartment with a higher pressure towards the compart-
ment with a lower pressure. It acts as a safety valve, opening when the ‘respiratory’
capacity of the mastoid mucosa has been exceeded: in other words, when per-
sistence of the dysbaric conditions could result in barotrauma. With increased
ambient pressure, lesions may occur in the middle ear mucosa if the pressure
gradient between the two compartments reaches 80 mbar; rupture of the tym-
panic membrane occurs at 400 mbar.? In normal subjects placed in this type of
situation, the eustachian tube opens, chiefly during swallowing, when the gra-
dient reaches a mean value of 19 mbar.’

Tubomanometry (TMM) explores the capacity of the mastoid mucosa and
the fibrocartilaginous eustachian tube to introduce gas into the middle ear cavi-
ties. During the examination, these cavities are placed under conditions that
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simulate the type of pressure change experienced during a rapid decrease in
altitude.**

TMM has demonstrated that gas exchange and opening of the fibrocartilagi-
nous tube operate together to equalize pressure within the middle ear, and that
these functions, which occur in succession, are effected by means of a reflex
neuronal mechanism.? Using this approach, it has been possible to hypothesize
on the regulation of this system, which involves pressure-sensitive corpuscles
located within the mucosa: a group of such receptors appears to be situated in
the middle ear,’ with another at the internal orifice of the eustachian tube.?
Information from these two compartments is transmitted via nervous pathways
to a central structure that acts as a barostat, and differences in sensorial infor-
mation from these two sites indicate the existence of a pressure gradient be-
tween the two sides of the tympanic membrane. Depending on the direction
and extent of this gradient, the response involves introduction or expulsion of
gas by means of diffusion across the mastoid mucosa and/or by transfer of gas
upon opening of the fibrocartilaginous tube.

Finally, using TMM, it has been possible to compare the pressure equaliza-
tion function between normal subjects and those with chronic otitis media, and
to demonstrate disturbances in this function,* which account for the common
inability of the middle ear in such subjects to respond to acute dysbaric situa-
tions (e.g., during air travel). These disturbances also provide an understanding
as to how the middle ear is unable to combat permanent negative pressure, a
very common finding in subjects with chronic otitis media, the harmful long-
term effects of which are well known upon the mastoid cavity in subjects dur-
ing the growth phase,% and upon the condition of the tympanic membrane.

Disturbances in the pressure equalization function of the middle ear
demonstrated by tubomanometry

This article presents the results of a study comparing TMM findings in a group
of 58 normal subjects and a group of 56 subjects with chronic serous otitis
media (SOM).* TMM was used to authenticate the two main types of distur-
bance, which can be found either alone or concomitantly in individual patients.

The first of these disturbances affects the speed of response of the reflex
responsible for opening the eustachian tube, characterized by the value of the
ratio of P1-C1/C2-C1, known as the opening latency index or R. This index,
which represents the ratio of the opening latency (P1-C1 in seconds) to the
speed of reception of pressure stimulus (C2-C1 in seconds), is useful for as-
sessing the physiological reality of this phenomenon, and shows no statisti-
cally significant intra-subject variability.

The R index value indicates the time of opening of the eustachian tube:

* A difference in altitude of 200 meters corresponds to a difference in pressure of approxi-
mately 20 mbar.
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Tabfle 1. Distribution of tubal opening in the two groups

Normal subjects (group 1) CSOM (group 2)

Stimulus % pre-C2 % post-C2 % NO % O % pre-C2 % post-C2 % NO % O

30 mbar 62.2 30.6 7.2 92.8 11.2 27.1 61.7 383
40 mbar 67.6 25.2 7.2 92.8  12.1 39.3 48.6 51.4
50 mbar 70,9 22,7 6.4 93.6 14.2 48.1 37q 62.3
All values 67 26 7 93 13 38 49 51

Significant difference 12 p < 0.0001

pre-C2: opening before point C2 (R = 1); post-C2: opening after point C2 (R = 1); O: opening;
NO: no opening; CSOM: chronic serous otitis media

when it is equal to or less than 1, opening occurs during the stimulus reception
phase and is referred to as early. If the value of R is greater than 1, opening
occurs after the stimulus reception phase and is designated as being late. Where
the value of R cannot be calculated, this indicates that application of the stimu-
lus does not result in opening of the tube. Finally, a very low R value indicates
a patulous eustachian tube, which may be demonstrated by recording changes
in pressure induced in the auditory canal during forced inspiration and expira-
tion (Fig. 16).

Table 1 shows the distribution of tubal opening in the two groups.

In normal subjects, 93% of the tubes that were tested opened, 67% had early
opening (pre-C2) and 26% late opening (post-C2). The percentage of opening
was not statistically significantly affected as the stimulus increased, thus mili-
tating in favor of a reflex phenomenon. Finally, 7% of tubes failed to open at
any test stimulus level. It should also be noted that differences may exist in
individual subjects between the behavior of their right and left tubes, but this
behavior does not vary with test pressure level, indicating that pressure equal-
ization is regulated independently for right and left middle ears.

In subjects with chronic otitis media, taking into account all values, 51% of
the tubes that were tested opened, and 49% failed to open; 38% of tubes opened
late, and 13% early, thus showing near to normal results in 13% of subjects in
this disease group.

A significant difference was also seen in the percentage of opening and in
the value of the R index as a function of intensity of the stimulus or test pres-
sure. This variation was especially marked in late openings and constitutes a
characteristic feature of abnormal tube function: percentage opening varied in
parallel with the intensity of the stimulus, while the value of the R index be-
haved inversely.

Table 2 presents the comparative results of R index values for both groups.

Some disparity between the groups was noted in terms of the percentage
rates of early and late opening, indicating a disturbance of the pressure equal-
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Table 2. Comparative results of the R index

Normal subjects (group 1) CSOM (group 2)
Opening pre-C2 posi-C2 pre-C2 pre-C2 post-C2 pre-C2
+post-C2 tpost-C2
Distribution (%) 72 28 100 25 75 100
Value of R index 0.61 1:51 0.86 0.83 245 2.05

ization function in subjects with chronic otitis media. This disparity was also
apparent upon analysis of R values, indicating reactivity of the entire system
(receptors and effectors) responsible for pressure equalization: analysis of sub-
jects in both groups exhibiting early or late opening (pre-C2 + post-C2) re-
vealed a statistically significant difference in R values between the two groups
(0.86 for group 1 and 2.05 for group 2; 152; p < 0.0001). Identical results were
obtained following separate analysis of the subjects with late opening (post-
C2).

The second of these disturbances is concerned with mastoid gas exchange,
the quality of which is dependent upon the surface area and condition of the
mastoid mucosa.

In subjects with a closed tympanum, the level of pressure transmitted to the
external auditory canal was analyzed following bulging of the tympanum oc-
curring after opening of the eustachian tube, and which is represented on the
ear curve by the value of parameter P2-P1 in mbar. The mean value of this
parameter is 0.9 mbar in normal subjects, and this does not vary statistically
significantly as the stimulus increases. This is not immediately evident since,
in normal subjects, the pressure equalizes between the rhinopharynx and the
middle ear after the tube opens, and the difference in pressure between the
rhinopharynx and the middle ear ranges from 30-50 mbar during TMM exami-
nation. The fact that the tympanum is equally deformed whatever the pressure
transmitted to the middle ear after opening of the eustachian tube, suggests that
certain structures within the middle ear act as a form of pressure adapter.

A P2-P1 value greater than 0.9 mbar occurs in subjects with flaccid tympa-
num, and in subjects with tympanic retraction pockets (Figs. 13, 14 and 15).

A value of less than 0.9 mbar suggests the presence of a small mastoid
cavity: either a small cavity in the bone with normal mucosa (i.e., a specific
anatomical configuration) or a cavity with luminal narrowing due to the pres-
ence of hypertrophic mucosa, producing a specific functional appearance. These
two conditions, which have a different functional and therapeutic prognosis,
may only be differentiated by tomodensitometric examination of the middle
ear.

In subjects with an open tympanum, TMM provides information on the cir-
culation of air through the middle ear cavities and on transmission of pressure
from the rhinopharynx to the external auditory canal. In the case of an open
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tympanum, the pressure measured in the external auditory canal exactly mir-
rors the pressure within the middle ear cavities.

The acquisition slope for pressure within the external auditory canal follow-
ing opening of the eustachian tube, which starts at point Pl on the ear curve,
provides an index of the quality of air circulation within the middle ear: it is
normally very high, giving an almost vertical curve (Figs. 5 and 6). The slope
is flatter in the presence of factors that slow the passage of air, which we refer
to as ‘impediment’, and which generally consist of hypertrophied mucosa of
the middle ear (Figs. 7, 8, 9, 10, 11 and 12).

TMM has demonstrated the existence of pressure equalization between the
two compartments following opening of the eustachian tube in a normal sub-
ject presenting with post-traumatic perforation.

With mucosal hypertrophy, the quantity of air transmitted is reduced, and
the pressure within the external auditory canal is ultimately lower than that in
the rhinopharynx.

Expulsion of air from the middle ear: in subjects with both open and closed
tympana, reduced pressure is recorded in the external auditory canal (Figs. 2,
3, 5, 6 and 9) from the projection of point C3 on the ear curve; this point
represents the closure time of the eustachian tube. In subjects with a closed
tympanum, this indicates the return of the tympanic membrane to its initial
position following the reduction of pressure within the middle ear cavities, In
subjects with an open tympanum, reduction of pressure within the middle ear
is recorded directly. We refer to this phase as “expulsion of gas from the middle
ear”. This phase occurs in 73% of normal subjects, compared to only 30% of
subjects presenting with chronic SOM; the difference between these two groups
is statistically significant.

This expulsion of gas from the middle ear, which is normally seen soon after
point C3, is thought to occur ‘passively’: the eustachian tube, which remains
closed up to this point, is thought to act as an ‘exhaust’ valve, allowing a
certain amount of air to escape.”® The alteration noted during this phase raises
questions about the precise nature of this pressure reduction: first, no anatomi-
cal impairment of the tube lumen was seen in subjects with chronic SOM,”
which could possibly have accounted for such an alteration within the frame-
work of this hypothesis. Furthermore, the eustachian tube remains closed through-
out this entire phase, which normally prevents any passage of gas.

At point C3, the middle ear is objectively in a state of positive pressure in
relation to ambient atmospheric pressure. In other words, the pressure is simi-
lar to what might occur following an increase in altitude. In these conditions,
gas is generally reabsorbed through the middle ear mucosa; this function is
plainly compromised in the majority of subjects with chronic SOM, as is the
capacity to supply gas, which explains the existence of this anomaly.
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Pathological tubomanometric findings: sample curves

When reading TMM results, the following two points must be borne in mind:

e Fustachian and mastoid function must be analyzed in accordance with a
precise protocol and three tests should be performed for each ear, using
different levels of stimulus: in practice, 30, 40 and 50 mbar are sufficient to
demonstrate the variability of certain parameters, which constitutes a symp-
tom of disturbed pressure equalization function.

e TMM curves cannot be interpreted outside a specific clinical setting. For
instance, absence of tube opening has no pathological significance in nor-
mal subjects and constitutes a normal *physiological” feature in 7% of such
subjects. However, this finding has a completely different meaning in sub-
jects with chronic otitis media,

Isolated disturbances in the opening latency index or R

Subject with a closed tympanum

Figures 1. 2, and 3 show a patient with chronic SOM in the right ear. There is
no tube opening at 30 mbar; late opening (after point C2) at 40 mbar, R = 3.83;
and opening at 50 mbar (early), R = 0.69. Therefore, there is an evident distur-
bance in the value of the R index, and improvement can be seen as the stimulus
intensifies. Note the expulsion of gas from the middle ear at point P3, which is
slightly delayed at 40 mbar and directly below point C3 at 50 mbar,

Subject with an open tympanum

Figures 4, 5 and 6 show a patient with chronic SOM in the right ear. There is
evident disturbance in the value of the R index: no tube opening at 30 mbar;
late opening (after point C2) at 40 mbar, R = 4.88; opening at 50 mbar with
improvement in the value of R (1.32). Note the expulsion of gas from the
middle ear at point P3, There is no impediment to air circulation in the middle
ear: the pressure acquisition slope for the middle ear is almost vertical.

Isolated instances of disturbed circulation of air in the middle ear or ‘obstructions’

Figures 7, 8 and 9 show a patient with chronic SOM in the right ear, and an
open tympanum, Opening was obtained when applying each stimulus, with a
constant R index value of 1.05 at 30 mbar, 1.24 at 40 mbar and 1.24 at 50
mbar. It should be noted that, for these three curves, from point P1, the slope
for pressure acquisition in the middle ear is decreased and the curve is not
vertical. It should also be noted that the slope increases with the intensity of
the stimulus: although the impediment itself remains unchanged, its effects
decreasing as the pressure differential between the rhinopharynx and the middle
ear increases. These findings suggest the existence of hypertrophic mucosa,
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Fig. I. 30 mbar.

Fig. 2. 40 mbar,
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Fig. 4. 30 mbar.

Fig. 5. 40 mbar.

Fig. 6. 50 mbar.

Seul Délactd

Acquiation

Enaur acouis
THyIi2

H o Umille G iscnmmenger..
Sl 8] % Qinille D

, Eniaglsie. .
k £ —— 2 - W Mool Imprima...
U3 Endatyiij T

Acquirition

Errewt acquu.
TM V112 Zoom
3 Oymille G Tlamwininons.

& Oruilla O Epiagiatai...

) Misrml | mpiimes. ..
3 Endutymp -

Sl Ddtactd

Acduiiion
Eneur acqui
TH V12 Zoom
L1 Oifle G Hecomminie
%) Oimifle [ Bl
i Mipmil Inpiimai.,..
nelutymp Tap

(l:




167

Tubomanometry and pathology

Geudl Didlocta
Acaailon

I Eneie soaum B4
: ] Zoom i
: 2 Dl G Piirimiinithineg |
_,l |'™ Quille 0 Emiagislar, .
i W Marmiil i
v Cx Endatymp,
F l 3

Fig, 7. 30 mbar.

Sl Ddtactd
Acousition
Eriou acquis

] | Th Zaam

_: ‘ Oimille G | Hocommancnr,,
; ) Dypilla 0 Eniagiatai...
|

: i Marmial Ll

L Endatymp

Fig. 8. 40 mbar,

EM Dil'l:“l.l
Aoquisition
Eireun scauic

TV Zoom
3 Dimllle G Pricumminsog,
% Umille O Kragiati

i Miirmmil Impiimar,..

U3 Endutymp

Fig, 9. 50 mbar,




168 D. Estéve

which in this case is confirmed by the absence of gas expulsion at the 30 and
40 mbar stimulus levels. Gas is expelled when the stimulus reaches a suffi-
ciently high level, in this case 50 mbar.

Coexistence of the two previous features (disturbed R index value and obstruction)
in one individual

Figures 10, 11 and 12 show a patient with chronic SOM in the left ear, and an
open tympanum. In this patient, there is a marked obstruction to the circulation
of air within the middle ear: at 30 mbar, the amplitude of the recorded signal is
abnormally weak. And, although it is normal at 40 and 50 mbar, the slope of
these two curves is nevertheless reduced, with little change as the pressure
rises from 40 to 50 mbar. Finally, no expulsion of gas can be seen. Further-
more, the value of R is abnormally high and instable: 3.49 at 30 mbar, 5.98 at
40 mbar, and 1.87 at 50 mbar.

Common findings in patients with tvmpanic retraction pockets

Figures 13, 14 and 15 show a right tympanum with a tympanic retraction pocket,
Opening of the eustachian tube occurred at all three pressure levels, with dis-
turbances in the R value: 4.13 at 30 mbar, 1.03 at 40 mbar, and 0.99 at 50 mbar
(mean = 2.05). Gas expulsion was noted for each of the three curves. The
pressure level within the middle ear (P2-P1 in mbar) was high at 30 mbar (1.52
mbar), indicating marked bulging of the tympanum, and low at 40 mbar (0.54
mbar) and at 50 mbar (0.66 mbar). The mean value for the latter two figures
was 0.60 mbar. The most likely explanation for this was a small mastoid cav-

ity.
Patulous eustachian tube

Figure 16 shows a left ear with an open tympanum. The pressure variations in
the middle ear are induced by changes in pressure in the rhinopharynx during
inspiration and expiration, due to permanent opening of the eustachian tube.
The lower curve does not correspond to swallowing, but is due to the manual
creation of positive pressure in order to arrest the curve on the screen.

Figure 17 shows a left ear with an open tympanum. During swallowing at
positive pressure, a patulous eustachian tube is demonstrated by the very low
value of R (= 0.04), corresponding to ‘opening’ of the eustachian tube at 0.20
mbar.

Figure 18 shows a left ear with a closed tympanum. A patulous eustachian
tube is demonstrated by the very low value of R (= 0.11), with ‘opening” of the
eustachian tube occurring at 1,14 mbar.
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Fig. 16. During
breathing.

Fig, 17,40 mbar.

Fig. 18. 40 mbar.
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