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Abstract

(Talas DU, Beger O, Comelekoglu U, Cakir S, Taghipour P, Vayisoglu Y. An insight to tympanic membrane perforation
pressure through morphometry: A cadaver study. Diving and Hyperbaric Medicine. 2021 March 31;51(1):10-17. doi:
10.28920/dhm51.1.10-17. PMID: 33761536.)

Introduction: A cadaveric experimental investigation aimed to show the rupture pressure of the tympanic membrane (TM)
for otologists to evaluate its tensile strength.

Methods: Twenty adult ears in 10 fresh frozen whole cadaveric heads (four males, six females) mean age 72.8 (SD 13.8)
years (range 40-86) were studied. The tensile strength of the TM was evaluated with bursting pressure of the membrane.
The dimensions of the membranes and perforations were measured with digital imaging software.

Results: The mean bursting pressure of the TM was 97.71 (SD 36.20) kPa. The mean area, vertical and horizontal diameters
of the TM were 57.46 (16.23) mm?, 9.54 (1.27) mm, 7.99 (1.08) mm respectively. The mean area, length and width of the
perforations were 0.55 (0.25) mm?, 1.37 (0.50) mm, and 0.52 (0.22) mm, respectively. Comparisons of TM dimension,
bursting pressure, and perforation size by laterality and gender showed no significant differences. The bursting pressure
did not correlate (positively or negatively) with the TM or perforation sizes.

Conclusions: The TM can rupture during activities such as freediving or scuba diving, potentially leading to serious
problems including brain injuries. Studying such events via cadaveric studies and data from case studies is of fundamental
importance. The minimum experimental bursting pressures might better be taken into consideration rather than average

values as the danger threshold for prevention of TM damage (and complications thereof) by barotrauma.

Introduction

The tympanic membrane (TM), a thin, oval-shaped, semi-
transparent drum, transmits sound waves from the external
auditory canal (EAC) to the ear ossicles, and then to the
cochlea.! The shape, elasticity and size of the TM are
influential on its function.? Hearing loss due to perforation
or rupture can occur when the TM is exposed to air or
water pressures that exceed its mechanical capacity.®
Perforations depend on environmental conditions in
addition to the intrinsic properties of the membrane.® For
instance, air pressure at 20,000 m altitude (5.47 kPa) is
approximately 5.4% of sea level (101.32 kPa).® Moreover,
in seawater, ambient pressure increases by 101.3 kPa (i.e.,
760 mmHg or 1 atmosphere) every 10 m depth.® A TM
rupture may occur due to pressure changes during diving,
scuba diving, freediving, slap in face, martial arts, air travel,
and blast injury.”!® These conditions causing overpressure
(e.g., scuba diving or freediving) can lead to symptoms such
as otalgia, vertigo, and hearing loss if appropriate equipment

(maybe special equipment for individuals with scarred TM)
is not used.”*!" Knowledge of the perforation threshold of
the TM could contribute to the adaptation of devices used
during sports activities (e.g., diving or martial arts), and
to the development of protective military equipment (e.g.,
against combat explosions).”$1%113 There is currently
insufficient data regarding the bursting pressure of the TM
in humans.”%!

TM rupture may be repaired with paper patches, cartilage,
deep temporalis fascia, dura, or fat during myringoplasty
or tympanoplasty.*>*!1516 The perforation dimension and
in the diameters of the TM are important for ear surgeons
in terms of preoperative choice of graft sizes.!> The classic
textbook reports that TM diameters lie in a narrow range
(9-10 mm height, and 8—-9 mm width);' however, some
ear specialists have observed that the TM sizes vary widely
among individuals (5 mm for the horizontal diameter).’
New studies focusing on the dimensions of the TM can help
ear surgeons estimate its size. In previous studies,*® the
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location of perforations has been evaluated after exposure
to bursting pressure; however, it seems that variation of
perforation dimensions in relation to the pressure exposure
has been ignored. Furthermore, the relationship between
TM diameters and bursting pressure could be useful for
understanding the effect of dimension on its mechanical
capacity. This study aimed to measure perforation pressure
of the TM to provide a better understanding of its tensile
strength, and to measure perforation size in terms of
preoperative graft design.

Methods

The study was approved by the ethical board of the Mersin
University Faculty of Medicine.

PREPARATION OF THE EARS

Twenty ears in 10 fresh frozen cadaver heads (4 males,
6 females) mean age 72.8 (SD 13.8) years (range 40-86
years) were included in the study. The heads were
positioned in accordance with otologic surgery, and then
the senior otologist (DUT) cleared the EAC under a surgical
microscope (Carl Zeiss f170, Carl Zeiss Meditec AG,
Germany). Photographs of the TMs were taken before and
after exposure to perforation pressure.

MEASUREMENT OF TM PERFORATION PRESSURE

Two plastic tubes were placed inside a rubber ear plug.
The proximal end of one of the tubes was connected to
an air-filled syringe (20 cc), while the other proximal
end was connected to a pressure transducer. The ear plug
and the distal ends of the tubes were tightly bonded with
glue to prevent air leaks. After the plug was placed in the
ear, the air in the syringe was delivered to the EAC by
the same researcher (OB). Pressure data were collected
by an electrophysiological recording acquisition system
(BIOPAC MP 100, Systems Inc., Santa Barbara, CA, USA)
and then transferred to a computer via a 16 bit analog
to digital converter for off line analysis (Figure 1). The
sampling rate was 200-sec’!. BIOPAC Acknowledge Analysis
Software (ACK 100 W) was used to evaluate the pressure
data. The highest pressure before a sudden brief downward
deflection in the graphs was recorded as the perforation
pressure of the TM (Figure 2 arrow).

MEASUREMENTS OF THE TM AND PERFORATION
SIZES

Using a 0°, 4 mm diameter, 18 cm length endoscope (Karl
Storz Gmbh & Co., Tuttlingen, Germany), photographs
of the TM were taken using a SPIES H3-Z three-chip full
HD camera connected to a monitor (Karl Storz Gmbh.,
Tuttlingen, Germany) with a millimeter scale. To determine
the TM size including its surface area, height and width, the
photos were transferred to digital image analysis software
(Rasband WS, ImagelJ, US National Institutes of Health,

Figure 1
Experimental set-up showing syringe and transducer configuration,
monitoring, and preparation of the cadaver ear

Figure 2
Representative pressure chart during a perforation pressure
experiment showing the characteristic notch at the point of
perforation (arrow)
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Figure 3

A: Typical tympanic membrane. MM — manubrium mallei; U — umbo; PT — pars tensa; PF — pars flaccida. B: Tympanic membrane
measurements. a — vertical diameter; b — horizontal diameter; ¢ — the surface area. C: Perforation area. D: Perforation dimensions.
a — width; b — lengt

Bethesda, Maryland, USA). After the pressure exposure, the
TM was re-photographed to determine the location of the
perforation, and to measure the perforation length, width and
area. Measured parameters related to the TM and perforation
(Figure 3) were: the surface area of the TM (TMA); the
vertical diameter of the TM (the line passing through the
manubrium mallei) (TMVD); the horizontal diameter of the
TM (the line passing through the umbo perpendicular to the
handle of malleus) (TMHD); the length of the perforation (at
the longest level) (PL); the width of the perforation (at the
widest level) (PW); the surface area of the perforation (PA).

STATISTICAL ANALYSIS

Normality checks of the dataset including dimensional and
pressure measurements were performed with the Shapiro-
Wilk test. Student’s #-tests were used to compare TMVD —
TMHD (paired sample #-test), male — female (independent
sample r-test), and right — left sides (paired sample 7-test).

Correlations between the parameters including dimension
and pressure measurements of the TM were evaluated with
the Pearson correlation coefficient test. A P-value < 0.05
was considered statistically significant.

Results

Data were normally distributed and therefore data were
presented as mean and standard deviation (SD).

The mean perforation pressure for all ears was 97.71 (SD
36.20) kPa, range 35.79-151.78. In terms of sexes or sides,
the TM size (length, width and area), perforation pressure,
and perforation size (length, width and area) did not show
statistically significant differences (Table 1).

The TMVD - TMHD (P < 0.001, r = 0.710), the TMVD
- TMA (P < 0.001, r = 0.870), and the TMHD - TMA
(P =0.001, r = 0.788) showed strong positive correlations
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Table 1
Perforation pressure and TM dimensional data. Data are mean (SD) [range]. PA — perforation area; PL — perforation length;
PP — perforation pressure; PW — perforation width; TMA — tympanic membrane area; TMHD — tympanic membrane horizontal diameter;
TMVD - tympanic membrane vertical diameter

Parameter All ears Right Left P Female | Male P
rary | TR0 25 | o |02 e | ceom |07
w55 | gt | am 2] a% | i [0
)| (G5 | | ose 93] din | aon |00
) | i | dsio | asw || dr | asan |0
PLem | N0 | o | o || 039 | o |8
e | 0RCE | 08 | oty 9% o | gm0
PA (mm?) [(())5159£(12250)] (82(9)) (8?8) 0.45 (ggé) (8?2) 09
Table 2

Correlation coefficients and P-values between parameters related to the TM. Bold and italic are statistically significant correlations.

PA — perforation area; PL — perforation length; PP — perforation pressure; PW — perforation width; TMA — tympanic membrane area;

TMHD - tympanic membrane horizontal diameter; TMVD — tympanic membrane vertical diameter

Parameter | TMVD | TMHD | TMA | PL PW PA
PP -0.054 |-0.194 |-0.118 |0.022 |-0.249 |-0.096

0.820 (0412 |0.620 [0.926 |0.290 |0.688
o | (27 [ Faeslomslaes
o oo [ oot ozu
a oz oteo st
PL ocos | 0045
PW 0017

(Table 2). The PL - PA (P =0.045, r = 0.452) and the PW - Discussion

PA (P=0.017,1r=0.527) showed weak positive correlations
(Table 2). The TMVD - PA (P = 0.027, r = 0.493) and the
TMA - PA (P = 0.013, r = 0.544) showed weak negative
correlations (Table 2).

Two of 20 ruptures occurred in the pars flaccida, nine in
the anterior-inferior quadrant, three in the anterior-superior
quadrant, three in the posterior-inferior quadrant, and two in
the posterior-superior quadrant. There was just one marginal
perforation (Figure 4).

Barotrauma caused by scuba diving, freediving, a slap to
the face, martial arts, air travel, and blast injury can occur
in the middle or inner ear.*>*'* When the pressure rises
above the hazardous level for the middle ear, the Eustachian
tube fails to balance the pressure.®” Rupture of the TM is
one of the important indicators that the dangerous level has
been exceeded.®®!*1718 The average overpressure value
for perforation of the TM in one study was 171.99 kPa
(1,290 mmHg).? Others observed that this pressure level
could be reached at 17.6 metres’ sea water (msw).’ In
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Figure 4
Schematic TM and percentages of perforations (upper left panel). Two perforations (10%) in the pars flaccida (upper middle photo), nine
(45%) in the anterior-inferior quadrant (upper right photo), three (15%) in the posterior-inferior quadrants (lower left photo), two (10%)
in the posterior-superior quadrant (lower middle photo), one (5%) marginal perforation (lower right photo)

N

addition, it was suggested that epidural tears at pressures
above this level (pressures between 171.99-246.65 kPa,
i.e., 1290-1850 mmHg; depths between 17.6-25.2 msw)
might be seen.® In a scuba diver who descended 9.14 msw
(92.03 kPa) and developed otalgia, vertigo and hearing
loss, computed tomography showed haemorrhage in the
temporal lobe due to barotrauma causing the rupture of the
tegmen tympani (gas in the middle cranial fossa).' In this
regard, knowledge of the perforation pressure threshold of
the TM may be useful for otologists to evaluate possible
pathological lesions located at the brain or temporal bone.
The vast majority of information on perforation pressure
in the literature was obtained from animal models.%!"182021
However, those studies focused on different animals (e.g.,
rabbit, dogs, cattle, foxes, cats, or guinea pigs) and indicated
that the perforation pressure of the TM in humans was greater
than that in other species.®!7182021 Considering that the data
focusing on humans were limited and contradictory,”$!
the present study aimed to further investigate perforation
pressure of the TM in humans to better define the tensile
strength of the membrane.

Pre-existing data related to perforation pressure of
the TM in human cadaveric models are given in Table
3. The mean perforation pressure (97.71 (SD 36.20)
kPa, range 35.79-151.78 kPa) in the present study was
lower than those (means 117.68—172.37 kPa, range
40.53-303.97 kPa) reported in previous articles’®!* that
used similar methodology. However, the present study mean
perforation pressure was higher than those studies which

tested the effect of blast overpressure (i.e., sound wave)
(21-62.1 kPa).?>? The present perforation pressure was
also higher than reported to be provoked by ear irrigation
with water (32 kPa, range: 26.66-40 kPa).** Proposed
reasons for differences in human TM perforation pressures
include: demographics (e.g., region, age); methodology
(e.g., transducer or bicycle pump); anatomical variations
(e.g., the size and shape of the TM, external ear canal,
or pinna); and present or past pathologic lesions (e.g.,
scarred TM or eustachian tube dysfunction).”?! Similar
to the present work, one study reported that sex and side
differences did not affect the bursting pressure of the TM.!*
Some authors have observed that the perforation pressure
was higher in children and decreased with age.”'* The
perforation pressure in a German study'* (160.09 kPa) was
higher than that in a Danish study”’ (117.68 kPa) raising the
possibility of regional differences. The perforation pressure
in the present study (syringe and transducer) was lower than
studies using a bicycle pump’!* and sphygmomanometer;®
thus the pressure generator and measurement device
might account for differences between studies. Some
authors™* found that the bursting pressure of a scarred
TM (29.42-78.45 kPa) was significantly lower than that
of a normal TM (40.53-303.97 kPa). One group suggested
that the scarred TM could rupture when descending to
3 msw (30.20 kPa).” Therefore, many factors potentially
influence the perforation pressure of the TM. Given that the
TM can rupture during many activities such as spearfishing,
swimming, diving, freediving, or scuba diving, we believe
that the minimum values of bursting pressures reported
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Table 3

15

Studies reporting TM perforation pressures expressed both in kPa and seawater depth equivalent (standard deviation) [range]. CB — closed
bulla; msw — metres’ sea water; OB — open bulla; PP — perforation pressure; PPMT — perforation pressure measurement technique;

Sphygmo — sphygmomanometer

Study | Year | Region | n Species ™ PPMT PP (kPa) PP (msw)
. 160.09 15.90
111| Humans | Normal | bicycle pump [40.53-303.97] | [4.02-30.19]
14 1906 | Germany |5 1 Hymans Atrophic | bicycle pump 51.68 5.13
12 | Humans | Scarred | bicycle pump 30.40 3.02
. 117.68 11.67
144| Humans | Normal | bicycle pump 49.03-205.94] | [4.87-20.45]
7 1993 | Denmark
23 | Humans Scarred | bicycle pum >8.84 >-84
YCCPUMP | 199 42-78.45] | [2.92-7.79]
18 2003 | Australia| 9 Pigs Normal | Pressure gauge | 121.59 (30.40) | 12.07 (3.02)
39.52 3.92
26 Cattle Normal | Pressure gauge [17.23-82.68] | [1.71-8.21]
17 2000 | Norway
5 Foxes Normal | Pressure gauge >9.78 3.94
BAUEE | [52.18-72.35] | [5.18-7.18]
20 1942 | USA - Cats Normal Manometer 11.15 1.11
9 | Guinea pigs | TM+OB | Transducer 26.66 (4.80) | 2.65 (0.48)
[18.53-32.53] | [1.84-3.23]
6 1971 | USA
9 | Guinea pigs | TM+CB | Transducer 3346 (5.47) 3.32(0.54)
e [25.86-41.60] | [2.57-4.13]
172.37 17.12
8 1958 | USA 15 | Humans | Normal Sphygmo [96.53-227.53] | [9.59—-22.60]
32 3.19
22 2019 | USA 16 Humans Normal | Blast chamber [21-61] [2.08-6.06]
23 2018 | USA 41 Humans | Normal | Test chamber | [52.40-62.10] | [5.20-6.17]
32 3.18
24 1995 | Denmark | 20 | Humans Normal Transducer [26.66-40.00] | [2.65-3.97]
;fj;m 2020 | Turkey | 20 | Humans | Normal | Transducer | 97.71(36.20) | 9.70 (3.59)
Table 4

Studies reporting TM dimensions. All studies used dissected cadaveric ears. TMA — the area of the TM; TMHD — the horizontal diameter
of the TM; TMVD - the vertical diameter of the TM; y — years

Study | Year | Region | n Age |TMVD (mm) | TMHD (mm) | TMA (mm?)
2 1991 | Belgium | — | Adult _ - 59.74-65.35
28 1960 | Japan |25 | Adult | 7.50(0.50) | 7.90(0.80) | 55.40 (4.50)
29 1970 USA |20 | Adult | 9.00-1020 | 8.50-9.00 -
30 1991 | TItaly [280| Adult | 9.40(1.50) | 8.60 (0.90) -
31 1987 | Isracl | 28 | Adult 8-9 9-10 _
3 [0-05y| 9303 8.7 (0.6) -
4 | 2-4y | 9106 9.0 (0.7) -
5| 46y | 8904 9.4(0.2) _
13| 6-8y | 9500.5) 9.0 (0.9) -
32 1993 | Australia
3 | 8-10y | 88(0.3) 9.0 (0.9) -
2 [10-14y| 88(0.4) 9.5 -
7 [14-18y| 9.4(0.3) 9.3 (0.6) -
3| >18y 9.0 9.3 (0.4) -
ifj;m 2020 | Turkey | 20 | Adult | 9.54 (1.27) | 7.99(1.08) |57.46 (16.23)
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in the experimental studies (35.79-96.53 kPa) should be
taken instead of the average values (97.71-172.37 kPa) as
the danger threshold for the membrane (taking into account
studies using methodology similar to our study). In this
way, possible middle/inner ear damage due to barotrauma
with or without coexistent pathologies such as brain injury
might be prevented.

Perforation of the pars flaccida was found in 2/20 of cases
depending on the bursting pressure, while the pars tensa
perforated in the other 18 cases (Figure 4). The present
finding of perforation predominantly in the anterior
quadrants (60%) was compatible with previous data
(~63% in two studies).”® These findings indicate that the
posterior quadrants have more elastic fibers than the anterior
quadrants.” In clinical studies, perforations are mostly
found in the central or anterior-central part of the TM.?>-%
For example, one study?® reported that the TM perforation
rate was 2.8% in the attic region (i.e., pars flaccida), 38.2%
in the central region, 7.4% in the marginal region, 32.3%
in the anterior-central region, and 19.3% in the posterior-
central region.”® These clinical findings are therefore broadly
compatible with experimental findings.

Studies reporting TM dimensions are summarised in
Table 4,228-32 The data are broadly confluent with the
present study findings; 9.54 (SD 1.27) mm for the TMVD,
7.99 (1.08) mm for the TMHD, and 57.46 (16.23) mm? for
the TMA. In Gray’s Anatomy,' narrow ranges for TMVD
(9-10 mm) and TMHD (8-9 mm) were cited while
others have quoted different measurements (TMVD 10
mm and TMHD as 5 mm).> It has also been claimed
that the TMHD (9-10 mm) was greater than the TMVD
(8-9 mm).?! However, the present study found that the
TMHD was statistically smaller than the TMVD as reported
by others.?33* Tt has been suggested that measurement
variations between studies may be attributable to the
methodology (e.g., in situ vs. ex situ measurement).?®3
The present study showed that the measurement range
was quite wide (7.23-11.61 mm for the TMVD, and
5.85-9.74 mm for the TMHD). This information may be
beneficial for otologists during preoperative graft design. It
is notable that Treacher Collins syndrome, congenital aural
atresia, and congenital cholesteatoma may be associated
with anomalies of the TM;*38 therefore, knowledge of TM
size in normal ears may be useful for interpreting anatomical
variations of the EAC and middle ear in patients with
congenital anomalies.

Conclusion

The TM can rupture during many activities such as
spearfishing, freediving, and scuba diving. This may
be complicated by more serious problems including
brain injuries. The establishment of accurate estimates
of perforation pressure through experimental studies,
cadaveric studies and clinical cases is of fundamental
importance. Minimum values of the experimental studies

(35.79-96.53 kPa) might better represent the danger
threshold for the bursting pressure of the TM than average
values (97.71-172.37 kPa) in the prevention of TM damage.
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