
Available online at www.sciencedirect.com
ScienceDirect

Journal of Otology 12 (2017) 125e131
www.journals.elsevier.com/journal-of-otology/
The anatomic determinants of conductive hearing loss secondary to
tympanic membrane perforation

David J. Carpenter a,*, Debara L. Tucci a, David M. Kaylie a, Dennis O. Frank-Ito a,b,c

a Division of Head and Neck Surgery & Communication Sciences, Department of Surgery, Duke University Medical Center, Durham, NC, USA
b Computational Biology & Bioinformatics PhD Program, Duke University, Durham, NC, USA

c Department of Mechanical Engineering and Materials Science, Duke University, Durham, NC, USA

Received 26 April 2017; revised 13 June 2017; accepted 22 June 2017
Abstract
Objectives: Recent studies have introduced middle ear volume (MEV) as a novel determinant of perforation-induced conductive hearing loss
(CHL) in a mechanism driven by trans-tympanic membrane pressure differences. The primary aims of this preliminary report are to: 1) correlate
CHL with perforation size; 2) describe the relationship between CHL and MEV; and 3) compare CHL across a range of cholesteatoma
involvement.
Design: A retrospective pilot study was performed in 31 subjects with audiometry indicative of conductive hearing loss, temporal bone CT scans,
and no prior middle ear surgery. Perforation size and MEV were analyzed with respect to CHL in a cohort of 10 perforated ears with no
cholesteatoma. CHLs were compared in 3 groups defined by extent of cholesteatoma involvement.
Results: Ears with large and small perforations showed mean ABG values of 32.0 ± 15.7 dB and 16.0 ± 16.4 dB, respectively. A direct rela-
tionship was observed between MEV and CHL for ears with large perforations across all frequencies, whereas this relationship for small per-
forations was frequency-dependent. Finally, a statistically significant increase in CHL was found across ears with increasing cholesteatoma
involvement at 1000 Hz (c2(2) ¼ 9.786, p ¼ 0.008), 2000 Hz (c2(2) ¼ 8.455, p ¼ 0.015), and 4000 Hz (c2(2) ¼ 8.253, p ¼ 0.016).
Conclusions: These pilot data suggest that greater perforation-induced conductive hearing losses may be associated with larger perforation sizes
and cholesteatoma. The correlation between MEV and CHL may require additional study.
Copyright © 2017, PLA General Hospital Department of Otolaryngology Head and Neck Surgery. Production and hosting by Elsevier
(Singapore) Pte Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Perforation of the tympanic membrane (TM), a common
complication secondary to otitis media or trauma, results in
varying degrees of conductive hearing loss (CHL) (Ibekwe
et al., 2007; Voss et al., 2007). The threshold for performing
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tympanoplasty in the context of TM perforation depends on
many factors; frequency of drainage, patient age, underlying
medical conditions, and lifestyle needs must all be accounted for
alongside the degree of CHL present. The incidence of TM
perforation is currently unknown, though estimates suggest that
150,000 tympanoplasties are performed annually per 280 million
people in the United States (McRackan and Brackmann, 2015).

CHL has been associated with greater perforation sizes,
greater middle ear disease, and, most recently, smaller middle
ear volume (MEV) (Gulya et al., 1990; Roland et al., 2001;
Voss et al., 2001a,b,c; Mehta et al., 2006). In such reports,
the correlation between MEV and CHL was determined using
tympanometry to estimate MEV. In the context of TM
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perforation, however, estimating MEV has proved problem-
atic. Commercially available tympanometers are often unable
to record volumes above 7 mL (Mehta et al., 2006), though the
average volume of a human middle ear, defined as the tym-
panic cavity and continuous mastoid air cells, is
6.5 mL ± 3.7 mL (Molvaer et al., 1978). Validation studies of
tympanometry as a MEV estimation technique were limited to
non-perforated middle ears, while TM perforation and middle
ear disease were demonstrated to alter tympanometric MEV
estimations (Molvaer et al., 1978; Lindeman and Holmquist,
1981; Shanks and Lilly, 1981; Rock, 1991; Mehta et al.,
2006). Finally, observed disagreement between tympano-
metric and three-dimensional volume reconstruction (3DVR)
MEV estimates were found to be a greater than differences
between MEV quartiles, which previous studies have used
instead of continuous MEV values to mitigate error in tym-
panometric MEV measurements (Carpenter, Tucci et al.,
2017). Because MEV agreement was not present, studies
using 3DVR rather than tympanometry to explore the corre-
lation between MEV and CHL are warranted.

An increased understanding of perforation-induced CHL and
its determinants is a necessary precursor to establishing pre-
operative guidelines for patients undergoing tympanoplasty.We
hypothesize that 3DVR MEV values may correlate to CHL
differently than the MEVs of previous studies that used tym-
panometric MEV values. This pilot study will help determine
the clinical utility of perforation size measurements, tympan-
ometry, and temporal bone CT scans.

2. Methods
2.1. Subjects
This is a retrospective study approved by the Duke
University Health System Institutional Review Board
Fig. 1. Three-dimensional volume reconstruction of middle ear volume is shown

software Avizo™ (FEI Visualization Sciences Group, Burlington, MA; 2e4). Middl

was identified through locating the tympanic membrane on subject scans.
(Pro00073436). A search was conducted of Duke University
Medical Center medical records for patients ranging from 18
years to 89 years of age who had undergone both a temporal
bone computed tomography (CT) scan and audiometry testing
within 4 weeks of each other, prior to October 15th, 2015.
Exclusion criteria included inadequate resolution on CT. From
78 subjects screened, we identified 31 perforated middle ears
meeting our study criteria. Middle ears were classified into
three groups: (1) perforated middle ears without evidence of
cholesteatoma on temporal bone CT scan or operating notes
(n ¼ 10), (2) perforated middle ears with cholesteatoma per
temporal bone CT scan with normal ossicular function per
operating notes (n ¼ 7), and (3) perforated middle ears with
noted cholesteatoma with ossicular erosion per operating notes
(n ¼ 14).
2.2. Audiometric output
CHL secondary to tympanic membrane perforation was
calculated from audiograms as the difference in decibels
between air and bone conduction values at each given fre-
quency: 500, 1000, 2000, and 4000 Hz. All audiometric data
was taken from the pre-operative audiogram in closest
proximity to the date of the pre-operative temporal bone CT
scan. Audiograms and temporal bone CT scans were
collected within 4 weeks of each other, both prior to middle
ear surgery.
2.3. Perforation size
Pre-operative clinic notes were used to determine perfora-
tion size. Perforations with diameters <50% of the tympanic
membrane diameter were defined as small perforations, while
large perforations were defined by diameters �50% of the
tympanic membrane diameter.
above. Temporal bone CT scans (left) were reconstructed in medical imaging

e ear volume, defined as the tympanic cavity and continuous mastoid airspaces,



Table 1

General demographic information for each of the three cohorts.

Perforation

cohort (n ¼ 10)

Cholesteatoma

with ossicles

intact (n ¼ 7)

Cholesteatoma

with ossicular

erosion (n ¼ 14)

Perforation size

Large 5 (50%) 2 (29%) e

Small 5 (50%) 5 (71%) e

Age (yrs at time of CT scan)

Mean 41 62 53

SD 17 15 14

Gender

Male 5 (50%) 1 7 (50%)

Female 5 (50%) 6 7 (50%)

Ethnicity

White 6 (60%) 3 11 (79%)

African American 1 (10%) 3 2 (14%)

Asian 3 (30%) 0 0 (0%)

Other 0 (0%) 1 1 (7%)

Air bone gap [dB; mean (SD)]

500 Hz 24 (17) 35 (21) 38 (15)

1000 Hz 21 (16) 29 (22) 44 (9)

2000 Hz 12 (18) 18 (12) 29 (12)

4000 Hz 20 (15) 27 (14) 37 (9)

Fig. 2. Conductive hearing losses (dB) shown across audiometric frequencies of 5

perforations.
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2.4. Three dimensional reconstruction
Images of CT scans were imported from the electronic health
record into the imaging software, Avizo™ (FEI Visualization
Sciences Group, Burlington, MA) for creation of 3D models of
the middle ear. The middle ear was defined as the tympanic
cavity and continuous mastoid airspaces (Fig. 1). All CT scans
were de-identified in Avizo™ prior to any 3D model construc-
tion or further analysis. Structural analysis on each 3D model
included middle ear volume (MEV) quantification and, where
applicable, cholesteatoma quantification. A single investigator
used a standardized approach to calculate MEV from temporal
bone CT scans: the tympanic membrane (TM) was identified in
the sagittal planewith all continuous airspacesmedial to the TM
(i.e. tympanic cavity and mastoid air cells) defined as�2000 to
�609 Hounsfield units included in MEV values.
2.5. Statistical analysis
Descriptive statistics were used to analyze the effects of
perforation size and middle ear volume (MEV) on conductive
00, 1000, 2000, and 4000 Hz for ears with large (n ¼ 5) and small (n ¼ 5)
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hearing loss (Table 1). Subsequent analysis was divided into 3
aims. In Aim 1, conductive hearing loss (i.e. air bone gap on
audiometry) was analyzed with respect to small- and large-sized
perforations. In order to control for concurrent hearing losses
caused by cholesteatoma, only group 1 subjectswere included in
Aim 1, which were subjects with perforated ears without evi-
dence of cholesteatoma on temporal bone CT scan or operating
notes. The relationship between middle ear volume and
conductive hearing loss was explored in Aim 2, again limiting
analysis to group 1 for the same reasons. Finally, Aim 3 exam-
ined the impact of cholesteatoma on perforation induced
conductive hearing loss by comparing groups 1e3. For Aim 3,
KruskaleWallis testing was performed using the SAS statistical
software package JMP (Cary, NC) to analyze the correlation of
cholesteatoma to perforation-induced conductive hearing loss
across the three aforementioned study cohorts.

3. Results
3.1. Perforation size and conductive hearing loss
The effect of perforation size on conductive hearing loss
(CHL) was examined in perforated ears without evidence of
cholesteatoma. As demonstrated in Table 1, ears having large
(n ¼ 5) and small (n ¼ 5) perforations showed aggregate mean
ABGvalues (i.e. conductive hearing losses) of 32.00± 15.65 dB
Fig. 3. The relationship between middle ear volume (mL) and conductive hearing

quencies of 500, 1000, 2000, and 4000 Hz.
and 16.00± 16.36 dB across all listed frequencies, respectively.
As seen in Fig. 2, there was no evidence of a significant trend
toward greater conductive hearing losses (CHL) at lower fre-
quencies in ears with larger perforations.
3.2. Middle ear volume and conductive hearing loss
The correlation of MEV to CHL was analyzed in perforated
ears without evidence of cholesteatoma, while controlling for
perforation size (Fig. 3). A direct relationship between MEV
and CHL is suggested for ears with large perforations across
all frequencies, whereas ears with small perforations exhibited
a progressive shift from an indirect relationship between MEV
and CHL at 500 and 1000 Hz to a direct relationship at 2000
and 4000 Hz.
3.3. Cholesteatoma in ears with small perforations
To evaluate the isolated effect of cholesteatoma on
perforation-induced CHL, Groups 1 (n ¼ 10), 2 (n ¼ 7), and 3
(n ¼ 14) were compared in terms of air bone gap (dB) at
500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz. Per the Krus-
kaleWallis H test, there was a significant difference in CHL
between the three groups at 1000 Hz (c2(2) ¼ 9.786,
p ¼ 0.008), with a mean air bone gap of 9.95 dB for Group 1,
13.93 dB for Group 2, and 21.36 for Group 3. There was also a
loss (dB) shown between ears with large and small perforations across fre-
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significant difference in CHL between the three groups at
2000 Hz (c2(2) ¼ 8.455, p ¼ 0.015), with a mean air bone gap
of 10.15 dB for Group 1, 14.64 dB for Group 2, and 20.86 for
Group 3. Finally, there was a significant difference in CHL
between Groups 1e3 at 4000 Hz (c2(2) ¼ 8.253, p ¼ 0.016),
with a mean air bone gap of 10.45 dB for Group 1, 14.21 dB
for Group 2, and 20.86 for Group 3. Differences in air bone
gap between Groups 1e3 were not significant at 500 Hz
(c2(2) ¼ 4.094, p ¼ 0.129). Post hoc Bonferroni testing
demonstrated a significant difference between Groups 1 and 3
for CHL at audiometric frequencies of 1000 Hz (p ¼ 0.005),
2000 Hz (p ¼ 0.022), and 4000 Hz (p ¼ 0.016). As seen in
Table 1, CHL was greatest at 500 and 1000 Hz for all cohorts.
When controlling for perforation size using only ears with
small perforations, those with no cholesteatoma (n ¼ 5)
demonstrated a mean ABG value of 13.8 ± 10.4 dB, those
with cholesteatoma and functional ossicles (n ¼ 5) a mean
ABG of 23.0 ± 10.2 dB, and those with cholesteatoma and
ossicular dysfunction (n ¼ 5) 37.1 ± 8.18 dB.

4. Discussion
4.1. Perforation size
Increased perforation size correlated with greater
perforation-induced CHL particularly at lower frequencies
(500 Hz and 1000 Hz). These data were consistent with those
Fig. 4. Differentiates between perforation-induced hearing losses caused by choleste

losses are shown as conductive hearing loss (dB) across audiometric frequencies of

cholesteatoma and functional ossicles, (n ¼ 7), and with cholesteatoma and ossicu
of prior studies (Ahmad and Ramani, 1979; Voss et al.,
2001a,b,c; Merchant and Rosowski, 2003; Voss et al., 2007).
This correlation between greater perforation size and greater
CHL was anticipated, and justified the division of large and
small perforation subsets in subsequent analysis of MEV and
CHL. Analysis of perforation size was limited by operative
descriptions obtained retrospective, which did not allow for
further perforation quantification. However, perforation size is
an uncontested determinant of perforation-induced CHL, and
the primary aim of this analysis was simply to contextualize
the decision to control for perforation size when correlating
MEV with CHL within the given dataset.
4.2. Middle ear volume
A recent report of 42 ears with perforation-induced hearing
loss demonstrated significant correlations of MEV with CHL
(indirect; p ¼ 0.005) (Park et al., 2015). Correlations to
perforation size and MEV were analyzed across 4 categorical
values without controlling for the other; the present report
analyzes MEV as a continuous variable derived from 3-
dimensional volume reconstruction while distinguishing be-
tween ears with large and small perforations. The resultant
data, though limited in size, do not show the same indirect
relationship between MEV and CHL seen in previous studies
(Mehta et al., 2006; Voss et al., 2007), supporting the notion
that MEV technique may significantly influence results
atoma in the presence and absence of ossicular pathology. Conductive hearing

500, 1000, 2000, and 4000 Hz for ears with no cholesteatoma (n ¼ 10), with

lar dysfunction (n ¼ 14).
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(Carpenter, Tucci et al. 2017). Follow-up studies should use
3DVR rather than tympanometry to measure MEV and its
correlation to CHL.
4.3. Cholesteatoma
To the authors' knowledge, no previous studies have
examined the impact of cholesteatoma in the specific context
of perforation-induced CHL. Nevertheless, cholesteatoma is
known to cause CHL via invasion and erosion of the ossicular
chain (Noordzij et al., 1995; MacAndie and O'Reilly, 1999; de
Azevedo et al., 2007; Costa, Rosito et al. 2008). The cohort
with cholesteatoma and functioning ossicles (Group 2)
exhibited mean CHL values that consistently fell between
means for the groups with no middle ear disease (Group 1) and
with cholesteatoma and ossicular dysfunction (Group 3;
Table 1, Fig. 4). This may suggest that cholesteatoma con-
tributes to the mechanism of perforation-induced CHL beyond
what is currently understood about subsequent invasion and
erosion of the ossicular chain.

5. Study limitations

Small sample sizes limit the applicability of these pilot data
beyond hypothesis generation for a larger, multisite prospective
study of middle ear volume as a determinant of perforation-
induced CHL. Prior to October 2015, only 10 total patients at
this medical center underwent temporal bone CT imaging for
perforation-induced hearing loss in the absence of middle ear
disease. The inclusion of cholesteatoma, while limited to anal-
ysis 4.3,may further confound analysis in that any surgery on the
ear could alterMEV, while efforts to account for subtle ossicular
abnormalities may be limited by CT scan resolution. In the
absence of standardized pre-operative guidelines, reasons for
obtaining temporal bone CT scans in the present cases may have
been associatedwith clinical factors that could have confounded
the relationships between CHL and perforation size, MEV, and
middle ear disease. Furthermore, the need to dichotomize values
limited analysis of perforation size. These limitations will be
addressed by a future prospective study of CHL that expands the
current cohort of patients with perforation-induced CHL as
determined by the effect sizes of the present study.

6. Summary

Preliminary analysis of all patients in the past 10 years at
this medical center with perforation-induced CHL may sug-
gest that further studies of MEV as a determinant of CHL are
warranted. These data provide effect sizes for future pro-
spective studies, and highlight the need for standardization
across techniques for assessing perforation size and MEV.
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