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Abstract
Objective: The aim of the study was to evaluate the associa-
tion of conductive hearing loss (CHL) with the structural 
changes in the organ of Corti. Methods: Twenty ears of 10 
healthy adult Wistar albino rats were included in the study. 
The right ears (n = 10) of the animals served as controls 
(group 1), and no surgical intervention was performed in 
these ears. A tympanic membrane perforation without an-
nulus removal was performed under operative microscope 
on the left ears (n = 5) in 5 of 10 animals (group 2). A tym-
panic membrane perforation with annulus removal was per-
formed under operative microscope on the left ears (n = 5) 
of the remaining 5 animals (group 3). Auditory brainstem re-

sponse testing was performed in the animals before the in-
terventions. After 3 months, the animals were sacrificed, 
their temporal bones were removed, and inner ears were in-
vestigated using scanning electron microscopy (SEM). The 
organ of Corti was evaluated from the cochlear base to apex 
in the modiolar axis, and the parameters were scored semi-
quantitatively. Results: In group 1, the pre- and post-inter-
vention hearing thresholds were similar (p > 0.05). In group 
2, a hearing decrease of at least 5 dB was encountered in all 
test frequencies (p > 0.05). In group 3, at the frequency range 
of 2–32 kHz, there was a significant hearing loss after 3 
months (p < 0.01). After 3 months, the hearing thresholds in 
group 2 and 3 were higher than group 1 (p < 0.01). The hear-
ing threshold in group 3 was higher than group 2 (p < 0.01). 
On SEM evaluation, the general cell morphology and stereo-
cilia of the outer hair cells were preserved in all segments of 
the cochlea in group 1 with a mean SEM score of 0.2. There 
was segmental degeneration in the general cell morphology 
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and outer hair cells in group 2 with a mean SEM score of 2.2. 
There was widespread degeneration in the general cell mor-
phology and outer hair cells in group 3 with a mean SEM 
score of 3.2. The SEM scores of group 2 and 3 were signifi-
cantly higher than group 1 (p < 0.05). The SEM scores of 
group 3 were significantly higher than group 2 (p < 0.05). 
Conclusion: CHL may be associated with an inner ear dam-
age. The severity of damage appears to be associated with 
severity and duration of CHL. Early correction of CHL is advo-
cated in order to reverse or prevent progression of the inner 
ear damage, which will enhance the success rates of hearing 
restoration surgeries. Subjective differences and compliance 
of the hearing aid users may be due to the impact of CHL on 
inner ear structures. © 2021 S. Karger AG, Basel

Introduction

Hearing loss is one of the major health problems which 
necessitates various medical or surgical treatments, or 
hearing aid assistance depending on the underlying dis-
ease or etiology. Conductive hearing loss (CHL) is one of 
the common causes of hearing losses associated with out-
er or middle problems.

It is not uncommon to encounter some degree of sen-
sorineural hearing loss (SNHL) in the course of CHL. 
That SNHL can be associated with a variety of mecha-
nisms such as transmission of toxins to the inner ear 
through the oval and round windows, and disruption of 
the bone integrity between the middle and inner ear [1, 
2]. It is possible to encounter SNHL in the course of a 
number of noninfectious, genetic, or acquired disorders 
of the middle ear. In these cases, the reason for SNHL 
should be different than direct or indirect penetration of 
the inner ear by toxic substances.

Previous studies suggested that CHL leads to an in-
crease in hearing thresholds, increased central gain up-
stream of the cochlear nucleus at the level of the lateral 
lemniscus, and long lasting presynaptic and postsynaptic 
structural and molecular effects [3]. These changes likely 
exist throughout the auditory pathway [4]. Unilateral 
CHL of only a few weeks duration may change excitation 
and inhibition in cochlear nucleus responses, and this 
may increase the activation of the contralateral pathways 
to compensate for the ipsilateral threshold elevation al-
though this issue is controversial [5].

CHL created by tympanic membrane removal can 
cause synaptopathy comparable to that seen with olivo-
cochlear bundle transection. It can cause 60% loss of lat-

eral olivocochlear terminals, whereas the olivocochlear 
bundle transection removed >90% of the lateral olivoco-
chlear innervation. Conversely, the ears contralateral to 
tympanic membrane removal show 40% loss of lateral ol-
ivocochlear terminals and do not demonstrate any sig-
nificant cochlear synaptopathy compared to age-matched 
controls [6].

It is evident that a CHL can be associated with SNHL 
through different mechanisms. Knowledge of these struc-
tural and molecular changes associated with decreased 
sensory experience is critical in order to understand their 
potential reversibility and treatment of hearing deficits. 
In this study, we aimed to evaluate the association of CHL 
with the structural changes in the organ of Corti.

Materials and Methods

Totally, 10 healthy adult Wistar albino rats which were 4 
months old and weighing between 250 and 350 g were included 
in the study. All experimental protocols and surgical procedures 
were carried out in the experimental animal’s research and appli-
cation center of the tertiary referral hospital. This study was ap-
proved by the Institutional Review Board of the Ethics Committee 
on animal experiments of the same facility (IRB 2017-3-20) in ac-
cordance with the rules on animal care of the international Hel-
sinki Declaration. The experimental animals were housed by feed-
ing with pellet feed at 50% humidity at 16–21°C temperature con-
ditions.

Twenty ears of 10 Wistar albino rats were used in the experi-
ments. The right ears (n = 10) of the animals served as controls 
(group 1), and no surgical intervention was performed in these 
ears. A tympanic membrane perforation without annulus removal 
was performed under operative microscope on the left ears (n = 5) 
in 5 of 10 animals (group 2). A tympanic membrane perforation 
with annulus removal was performed under operative microscope 
on the left ears (n = 5) of the remaining 5 animals (group 3).

Auditory brainstem response (ABR) testing was performed in 
the animals before the interventions in order to exclude a hearing 
loss. The ABR testing was repeated 3 months after the surgical in-
terventions to reevaluate the hearing status of the animals. Then, 
the animals were sacrificed, their temporal bones were removed, 
and inner ears were investigated using scanning electron micros-
copy (SEM).

ABR Testing
The animals were anesthetized intramuscularly with 65 mg/kg 

ketamine hydrochloride and 5 mg/kg xylazine hydrochloride. 
Otomicroscopy was made to inspect the ear canal for any cerumen, 
crusting, or infection. ABR (Intelligent Hear System) testing was 
made in a quiet environment. The active ABR electrode was placed 
on the vertex, the reference electrode was placed under the mastoid 
skin, and the ground electrode was placed under the skin. A neo-
natal ear tip suitable for the outer ear canal of the rats was used. 
Recordings were made ipsilaterally at 2, 4, 8, 16, and 32 kHz using 
tone burst stimuli by averaging 1,024 sweeps, and 100–1,500 Hz 
filter was used. The stimulus rate is set to 21.1 pps. ER 3 insert ear-
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phone was used for 2, 4, and 8 kHz tone burst stimulus, and high 
frequency transducer was used for 16 and 32 kHz tone burst stim-
ulus. The stimuli were given at 80 dB SPL by decreasing 20 dB steps 
until 20 dB. Threshold scanning was performed to the lowest level 
where the wave was seen. ABR threshold was defined as the mini-
mum intensity level at which the 2nd wave was observed. A 20 dB 
SPL or lower intensities at each test frequency was considered nor-
mal hearing whereas intensities higher than 20 dB SPL were con-
sidered hearing loss.

Surgical Interventions
The animals were anesthetized intramuscularly with 65 mg/kg 

ketamine hydrochloride and 5 mg/kg xylazine hydrochloride. An-
tibiotic prophylaxis was made intramuscularly with cefazolin 15 
mg/kg. The operation site was cleaned with povidine iodine (Beta-
din®). The external ear canal was injected with 0.3 mL of 1% lido-
caine hydrochloride with 1/200,000 epinephrine. After 10 min, an 
ear speculum was placed in the external ear canal under the mag-
nification of a surgical microscope. In group 2, the pars tensa area 
of the tympanic membrane was removed with the aid of a pick. No 
surgical intervention was performed on the tympanic annulus, os-
sicular chain, and stapes footplate. In group 3, the pars tensa of the 
tympanic membrane and tympanic annulus were removed with 
the aid of a surgical pick. No surgical intervention was performed 
to the ossicular chain and stapes footplate. Any bleeding was con-
trolled with adrenaline soaked cottons.

Temporal Bone Removal
At least 3 months after the interventions and 1 week after the 

2nd ABR testing, the animals were sacrificed by injecting 80 mg/
kg ketamine hydrochloride and 20 mg/kg xylazine hydrochloride 
intramuscularly. Temporal bone removal was started with a verti-
cal skin incision in the occipital are. The temporalis muscle and 
periosteum on both sides were elevated over the parietal bone and 
squamous portion of the temporal bone. The auricle was laterally 

retracted and the occipital and parietal bones were cut vertically. 
The intracranial structures were removed. Mastoid and tympanic 
parts of the temporal bone (bulla) were exposed by continuing the 
elevation of muscle tissues in the subperiosteal plane. The mastoid 
portion was dissected from the occipital bone. The squamous por-
tion was dissected from the parietal, frontal, palatine, and ethmoid 
bones. The bulla was dissected from occipital and sphenoid bones. 
The petrous portion was dissected from the sphenoid bone. The 
temporal bone was dissected from the surrounding muscle tissues 
and separated from the skull.

SEM
The tympanic cavity was instilled with 2.5% glutaraldehyde for 

fixation. The tympanic bulla was dissected, and the cochlear struc-
ture was reached. It was kept in phosphate buffer solution (pH = 
7.3) for 12 h and decalcified in 0.1 M Na-EDTA (Sigma-Germany) 
solution for 2 weeks at room temperature. After decalcification, 
the otic capsule was dissected asymmetrically from base to apex to 
see cochlear structures under microscope (Olympus 1×71 S8-F3, 
Tokyo, Japan) and kept in routine SEM follow-up for 3 days at 
+4°C PBS. The tissues were dried with carbon monoxide at critical 
drying point (CPD 010, Balzer Union-Liechtenstein) and fixed by 
carbon holders on brass blocks. The surface of organ of Corti was 
covered with gold (Bio-Rad SC502) under argon gas. The routine 
follow-up procedures and SEM (JEOL 6335F SEM) imaging were 
performed as described previously [7]. The organ of Corti was 
evaluated from the cochlear base to apex in the modiolar axis, and 
the parameters were scored semiquantitatively as shown in Ta-
ble 1.

Statistics
The statistical analysis was performed using NCSS (Number 

Cruncher Statistical System) 2007 statistical software (Utah, USA). 
Mann-Whitney U test was performed to produce overall results for 
all groups by using median values.

Table 1. Scoring the morphology of the organ of Corti on SEM

Parameter Degeneration grade Score

General cell morphology (surface, side connections)
Normal cell morphology Normal 0
Collapse, regular separation in side connections Mild degeneration 1
Collapse, irregular separation in side connections Moderate degeneration 2
Necrosis Severe degeneration 3

Outer hair cells
Normal stereocilia morphology Normal 0
Irregularities in stereocilia Mild degeneration 1
Adhesions and partial loss of stereocilia Moderate degeneration 2
Total stereocilia loss Severe degeneration 3

Location of degeneration
No degeneration Normal 0
Hair cell degeneration in 1/3rd in cochlea Mild degeneration 1
Hair cell degeneration in 2/3rd in cochlea Moderate degeneration 2
Hair cell degeneration in 3/3rd in cochlea Severe degeneration 3

SEM, scanning electron microscopy.
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Results

ABR Testing
On initial ABR testing, all animals had a hearing 

threshold better than 20 dB SPL, and there was no sig-
nificant difference between the groups (p > 0.05). There 
was no significant difference between the right and left 
ears in the test frequencies (p > 0.05).

In group 1, the pre- and post-intervention hearing 
thresholds were similar (p > 0.05). In group 2, a hearing 
decrease of at least 5 dB was encountered in all test fre-
quencies after 3 months. However, the pre- and post-in-
tervention hearing thresholds were not significantly dif-
ferent in group 2 (p > 0.05).

In group 3, at the frequency range of 2–32 kHz, there 
was a significant hearing loss after 3 months compared to 
initial hearing thresholds (p < 0.01). That hearing de-
crease was 27 dB at 2 kHz, 29 dB at 4 kHz, 18 dB at 8 kHz, 
32 dB at 16 kHz, and 33 dB at 32 kHz.

After 3 months, the hearing thresholds in group 2 and 
3 were higher than group 1 (p < 0.01). The hearing thresh-
old in group 3 was higher than group 2 (p < 0.01) (Ta-
ble 2).

Absolute p values of the right and left ears and p values 
of the pre- and post-experiment period of groups are il-
lustrated with details (Table  3). Absolute p values be-
tween groups in the 1st and 2nd ABR are illustrated with 
details (Table 4).

SEM Assessment
In group 1, the general cell morphology and stereo-

cilia of the outer hair cells were found to be preserved in 
all segments of the cochlea from base to apex in 9 ears and 
scored 0 points (Fig. 1). A disruption of the general cell 
morphology was seen in one of the cochleae and scored 2 

Table 2. ABR thresholds in the groups before and after the interventions

Parameter ABR threshold of wave II (dB SPL)

Group 1 intervention Group 2 intervention Group 3 intervention

Frequency (kHz) before after p value before after p value before after p value

2,000 17 18 0.6 18 23 0.2 18 45 0.01
4,000 12 12 0.4 20 22 0.9 16 45 0.01
8,000 13 13 0.9 16 22 0.4 16 34 0.01
16,000 13 14 0.7 18 24 0,5 16 48 0.01
32,000 15 16 0.5 18 21 0.6 18 51 0.01

ABR, auditory brainstem response.

Table 3. Absolute p values of the right and left ears in the ABR tests and absolute p values of the pre- and post-experiment period of 
groups

2k 4k 8k 16k 32k

Absolute p values of the right and left ears in the 1st ABR test p = 0.6506 p = 0.0827 p = 0.2039 p = 0.0891 p = 0.1851
Absolute p values of the right and left ears in the 2nd ABR test p = 0.0037 p = 0.0012 p = 0.0015 p = 0.0010 p = 0.0145
Absolute p values of pre- and post-experiment period of group 2 p = 0.2381 p = 1.0000 p = 0.3968 p = 0.5556 p = 0.6429
Absolute p values of pre- and post-experiment period of group 3 p = 0.0079 p = 0.0079 p = 0.0079 p = 0.0079 p = 0.0079

ABR, auditory brainstem response.

Table 4. Absolute p values of between groups in the 1st and 2nd 
ABR

Group 1–Group 2 Group 1–Group 3 Group 2–Group 3

p = 0.0159 p = 0.0556 p = 0.3651
p = 0.0079 p = 0.0079 p = 0.0079

ABR, auditory brainstem response.
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10 µm
Mag = 7.50 K X

2 µm
Mag = 15.00 K X

1 µm
Mag = 10.00 K X

2 µm
Mag = 15.00 K X

Fig. 1. SEM in the control group. The surface topography of the 
organ of Corti. Note the normal and preserved arrangement of 
outer hair cells and their stereocilia. SEM, scanning electron mi-
croscopy.

Fig. 2. SEM in group 2 (tympanic membrane perforated without 
annulus removal). Note the damage in the stereocilia of outer hair 
cells in the organ of Corti (black arrow). SEM, scanning electron 
microscopy.

Fig. 3. SEM in group 2 (tympanic membrane perforated without 
annulus removal). Note the damage in the stereocilia of outer hair 
cells in the organ of Corti (black arrow). SEM, scanning electron 
microscopy.

Fig. 4. SEM in group 3 (tympanic membrane perforated with an-
nulus removal). Note the widespread damage in the stereocilia of 
outer hair cells in the organ of Corti (black arrows). SEM, scanning 
electron microscopy.

Table 5. Inner ear cell morphology scores of the groups on SEM

Parameter Degree of organ of Corti degeneration SEM score (n = Cochlea) p value

Group 1 Group 2 Group 3

General cell morphology 2 (n = 1) 2 (n = 2) 4 (n = 1) 0.001
Outer hair cells 0 (n = 9) 3 (n = 2) 3 (n = 1)
Location of degeneration 0 (n = 0) 1 (n = 1) 3 (n = 3)
Mean score 0.2 (2/10) 2.2 (11/5) 3.2 (16/5)

SEM, scanning electron microscopy.
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points. The mean score of group 1 was calculated as 0.2 
on SEM evaluation.

In group 2, there was degeneration in the general cell 
morphology in 2 and degeneration of outer hair cells in 2 
cochleae, respectively. These degenerations were not 
widespread in the cochleae (Fig. 2, 3). The mean score of 
group 2 was 2.2 on SEM evaluation.

In group 3, there was degeneration in the general cell 
morphology in 1 and degeneration of outer hair cells in 1 
cochlea, respectively. These degenerations were wide-
spread and more severe within the cochlea (Fig. 4, 5). The 
mean score of group 3 was 3.2 SEM evaluations.

The SEM scores of group 2 and 3 were significantly high-
er than group 1 (p < 0.05). The SEM scores of group 3 were 
significantly higher than group 2 (p < 0.05) (Table 5).

Discussion

Chronic otitis media is one of the most common dis-
orders leading to CHL, which can be accompanied by 
SNHL [8]. Various mechanisms related to occurrence of 
SNHL have been proposed in cases of CHL. A decrease in 
bone conduction thresholds at different frequencies can 
be seen in chronic otitis media, especially in the high fre-
quencies [9–12]. According to audiometric test results of 
patients with unilateral chronic otitis media, almost one-
fourth of the patients have 20 dB or more bone conduc-
tion difference between the 2 ears at speech frequencies, 
and almost one-fifth of the patients have more than 25 dB 

bone conduction difference [13]. Duration of the disease, 
age of the patient, and presence of cholesteatoma can be 
the main reasons of this loss [14]. A transient and perma-
nent SNHL has been reported as a result of inner ear com-
plications in chronic otitis media [15].

The reason for this can be penetration of toxic agents 
into the inner ear through the middle ear windows, inva-
sion of the disease to the inner ear by destruction of the 
otic capsule, and intraoperative trauma and can lead to 
hair cell loss [16–18]. Inflammatory changes around the 
round window membrane and scala tympani, thinning of 
the stria vascularis in the basal fold of the cochlea, and 
significant loss of inner and outer hair cells can be seen in 
chronic otitis media without cholesteatoma [19].

It is possible for a middle ear surgery to create a surgical 
trauma in the inner ear. In our study, the hearing loss was 
found to be more severe in the animals with tympanic an-
nulus removal. The inner ear trauma due to the surgical 
intervention might be one of the reasons for this hearing 
loss. When this possibility was considered true, it would be 
plausible to say that middle ear surgeries like tympanoplas-
ty, ossiculoplasty, or even ventilation tube placement could 
cause an inner ear damage depending on the extensiveness 
of the surgery. This damage might be evident at subclinical 
or clinical level and might explain the subjective differences 
in postoperative hearing perception of the patients.

By contrast, removal of the tympanic membrane can 
lead to CHL and SNHL, and degeneration in the basal 
turn of cochlea in the afferent nerve synapses of the hair 
cells. Both otitis media and tympanic membrane perfora-
tion can cause similar cochlear deefferentation and co-
chlear nerve synaptopathy patterns, suggesting that it is 
the loss of acoustic drive that caused the changes in co-
chlear efferent and afferent innervation densities, rather 
than some other effect of the tympanic membrane sur-
gery [6]. Accordingly, as another possible mechanism, 
the structural changes in the inner ear could result from 
the impact of CHL rather than the inner ear trauma cre-
ated by microsurgical intervention.

The sound attenuation produced by the tympanic mem-
brane perforation depends strongly on the size of the defect 
[20, 21]. In our study, the inner ear structural changes were 
more evident when the tympanic membrane was removed 
with annulus compared to removal of the tympanic mem-
brane alone. It is apparent that the inner ear damage be-
came more severe as the severity of CHL increased. Accord-
ingly, it seems important to perform every attempt to re-
store the conductive component of hearing loss in order to 
prevent the possibility of inner ear damage. This may in-
crease the potential benefit of a hearing aid, if needed.

2 µm
Mag = 10.00 K X

Fig. 5. SEM in group 3 (tympanic membrane perforated with an-
nulus removal). Note the widespread damage in the stereocilia of 
outer hair cells in the organ of Corti (black arrows). SEM, scanning 
electron microscopy.
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The possibility of developing SNHL increases as the 
duration of exposure to CHL increases [6, 22]. In addi-
tion, ABR changes may not fully recover even after com-
plete resolution of the CHL although the anatomical 
changes may recover in the short term [23]. In our study, 
the CHL of 3 months duration in rats may correspond to 
1 year of hearing loss in humans. This duration was suf-
ficient to lead to an inner ear damage. Therefore, an early 
intervention is mandatory to correct a CHL in order to 
prevent or reverse the progression of inner ear damage. 
The severity and duration of CHL seem related to inner 
ear damage. These conditions may also have some clinical 
implications regarding the variations in the success rates 
of the middle ear surgeries as well as subjective differ-
ences of hearing aid benefits in the patients with CHL.

In conclusion, CHL may be associated with an inner 
ear damage. The severity of damage appears to be associ-
ated with severity and duration of CHL. Early correction 
of CHL is advocated in order to reverse or prevent pro-
gression of the inner ear damage, which will enhance the 
success rates of hearing restoration surgeries. Subjective 
differences and compliance of the hearing aid users may 
be due to the impact of CHL on inner ear structures.
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