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Abstract 

Introduction
Acute Otitis media (AOM), which defines 
the inflammation of the tympanic cavity, 
the Eustachian tube, the mastoid process 

and the mucoperiosteum surrounding the 
mastoid air cells, is recognized as one of 
the most important animal and human 
health threatening infectious diseases 
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Objective: The purpose of this study was to investigate the morphological changes of round 
window membrane (RWM) in chinchillas with Streptococcus pneumoniae (S. pneumoniae) serotype 
7F induced acute otitis media (AOM) by two dimensional (2D) and three dimensional (3D) 
measurements.
Methods: Temporal bone specimens taken from 12 chinchillas were divided into two groups. The 
control group consisted of healthy animals that were injected with intrabullar saline. The subjects 
in the experimental group were induced with AOM by intrabullar injection of S. pneumoniae 7F. 
The 2D and 3D measurements of RWM were compared between the groups.
Results: Dramatic changes were noted in the RWM of the experimental group compared to the 
control group. The thickness [mean ± standard deviation (SD)] of the RWM was significantly 
(p<0.05) increased in the experimental group compared to the control group by 2D measurements 
taken at three different points of RWM. Moreover, 3D measurements revealed that the volume 
(mean ± SD) of RWM was significantly (p=0.009) increased in the experimental group. 
Conclusion: The results of our study, which indicated significant change in RWM in both 2D 
and 3D measurements, may shed light on the relationship between AOM and inner ear diseases. 
Based on our results, we recommend evaluating 3D analyses of RWM, which provide useful data, 
to better understand the changes in the membrane.
Keywords: Acute otitis media, pathology, cochlear round window, Streptococcus pneumoniae, 
cellular morphology
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across the world (1, 2). Given the anatomical localization of 
the ear, AOM should be evaluated in terms of many different 
complications, extracranial and/or intracranial (3-6).

The round window membrane (RWM), which separates 
the middle ear and the scala tympani of the basal turn of 
the cochlea, has an important role in several pathologies 
involving the middle and the inner ears in that it is a semi-
permeable membrane allowing bacterial toxins, inflammatory 
mediators, and antibiotics to pass through (7, 8). As RWM 
takes part in the body’s defense system and plays a role in 
the transport of mechanical energy between the ear ossicles 
and the inner ear fluid; the structural changes that occur in 
the RWM with the thickening of the membrane give rise 
to the pathology of many diseases involving the middle and 
the inner ears including hearing loss (3, 8-10). Therefore, 
analyzing any changes in RWM plays an important role in 
determining the pathogenesis of possible complications that 
may arise from otitis media and labyrinthitis.

Three-dimensional (3D) analysis of different anatomical 
regions is a field that is increasingly investigated as it helps to 
better understand and evaluate the detailed structure of the 
focused area. Although many studies have been conducted to 
examine the changes in the RWM, to our knowledge, there 
is no study that examined the morphological changes in the 
membrane in three dimensions and revealed the relationship 
of these measurements with the two-dimensional (2D) 
analyses of the entire surface of the membrane. The aim of 
this study was to assess any morphological changes of the 
RWM by 2D and 3D measurements in the chinchilla model 
with Streptococcus pneumoniae (S. pneumoniae) serotype 7F 
induced acute otitis media (AOM).

Methods
Design and Setting 

The study used 12 Chinchillas divided into two groups. In 
the experimental group (n=6), the superior bullas of the 
chinchillas were bilaterally shaved after anesthesia with 
ketamine-HCl (20 mg/kg, intramuscular). After the region 
was cleaned in accordance with the asepsis-antisepsis rules, 
S. pneumoniae serotype 7F (2x101 bacteria/bulla) was injected 
bilaterally into the middle ears of the chinchillas. The 
bacteria used to create AOM was obtained by preparing a 
sample from a patient diagnosed with OM originating from 
S. pneumoniae serotype 7F at the University of Minnesota 
Medical School, Department of Otorhinolaryngology Head 
and Neck Surgery, by culturing and reproducing it in a blood 
agar. Otoscopic examination was performed in all subjects 
during the study and the animals were euthanized with 
the injection of high-dose ketamine-HCl seven days after 
inoculation. To our knowledge, this is the first study to make 

the 3D analysis of the chinchilla RWM. Therefore, right and 
left temporal bone samples were compared to each other to 
reveal whether there was difference between the contralateral 
ears in the experimental group; and the right temporal bone 
samples of the two groups were compared to determine the 
difference between the experimental and control groups. 
To ensure uniformity in the comparisons between the two 
groups, the same amount of saline solution was also injected 
into the right ears of the chinchillas in the control group 
(n=6) and the subjects were euthanized seven days after the 
injection.

After the animals were euthanized, all temporal bones 
in both groups were removed for further processing and 
histopathological examination. This temporal bone study 
was approved by the Institutional Review Board of the 
University of Minnesota (#0206M26181). 

Histopathological Assessment

After euthanasia, all temporal bones were removed, perfused 
in Heidenhain’s Susa solution, fixed in formalin, decalcified, 
and embedded in celloidin, and serially sectioned in the 
horizontal plane at a thickness of 20 μm. Every 10th section 
was stained with hematoxylin-eosin and studied by light-
microscopy using digital camera and image analysis software 
(SPOT Advanced; SPOT Imaging Solutions, Sterling 
Heights, MI, USA).

The round window thickness was determined by taking the 
average of the measurements made from three to five sections 
where the membrane was the widest. Each section was 
measured from three different points. The first measurement 
was made from the center of the round window, while the 
other two measurements were performed 0.2 mm anterior 
and inferior (10, 11). 

We performed 3D reconstruction of the RWM by using 
the reconstruction software (Amira 3D Software for Life 
Sciences; FEI, Hillsboro, OR, USA) on the scanned sections 
with a high-resolution scanner (PathScan Enabler IV; 
Meyer Instruments, Houston, TX, USA) including the mid-
modiolar level, as well as on the adjacent two to four sections 
where the RWM is best observed and could be digitized. 

Statistical Analysis

To determine the sample size, we conducted power analysis 
with G*Power software version 3.1.9.2. (University of Kiel; 
Kiel, Germany) by taking the type I-α error rate 0.05 and 
calculating the power of the test as 0.80 and the groups 
were evaluated for statistical significance by using the 
Mann-Whitney U test with MedCalc Statistical Software 
version 12.7.7 (MedCalc Software Bvba; Ostend, Belgium). 
Significance was defined as p<0.05.
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Results
The results of our study revealed severe inflammatory cell 
infiltration, bacterial invasion, and dense fibrous structure in 
the middle ear cavity in the experimental group. Moreover, 
the round window niche was filled with serous exudate and 
polymorphonuclear leukocytes (PMNs) were seen in intense 
amounts in all temporal bone specimens in the experimental 
group. Severe inflammatory cell invasion was also observed 
in the scala tympani of the lower basal turn of the cochlea 
(Figure 1).

When examined morphologically, there were no differences 
between the right and the left RWMs in the experimental 
group, whereas there were significant changes in the 
experimental group compared to those in the control group 
(Figure 2a). RWM was found to be thicker at the anterior 
and posterior ends of the RWM and thinner at the center in 
the control group and the membrane was positioned convexly 
towards the scala tympani of the basal fold of the cochlea. 
In the experimental group, however, there was pronounced 
thickening of the membrane both in the right and the left 
ears that was most intense on the epithelial surface and 
edematous enlargement in the fibrous middle layer (Figure 
2b). The convex shape of the membrane was more flattened 
in the experimental group. 

The membrane thickness measurements taken at three 
different points did not reveal significant differences 
between the right and the left ear measurements in the 
experimental group in 2D analysis (p>0.05). However, we 
found significant differences between the experimental and 
the control groups. In the measurements, anterior was 17.6 
μm, center was 15.32 μm, and inferior was 18.31 μm in 

the control group, while anterior was 31.26 μm, center was 
32.52 μm, and inferior was 36.57 μm in the experimental 
group. Membrane thicknesses were significantly higher in 
the anterior (p=0.009); in the center (p=0.015), and in the 
inferior (p=0.041) of the experimental group compared to 
those of the control group. Moreover, the mean thickness of 
the three points [mean ± standard deviation (SD)]; 33.5±16.7 
μm) in the experimental group was significantly (p=0.009) 
higher compared to those (mean ± SD; 16.4±2.4 μm) of 
the control group. In the 3D analysis, the mean volume of 
the RWM was significantly (p=0.009) higher (mean ± SD; 
0.106±0.038 mm³) in the experimental group compared to 
that (mean ± SD; 0.066±0.008 mm³) of the control group 
(Figure 3). As in the 2D analysis, we found no significant 
differences in 3D analysis between the right and the left ears 
in the experimental group (p>0.05).

Figure 1. Round window niche is filled with inflammatory cells 
accompanied with thickened round window membrane (x2) 
MEC: Middle ear cavity, RWM: Round window membrane (H&E), H&E: 
Hematoxylin-eosin

Figure 2a. The normal structure of the RWM in the control group, 
b. Severe thickening of RWM in the experimental group due to 
intracellular edema and cell proliferation. Arrow heads: RWM 
(scale bar: 500 μm, H&E)
RWM: Round window membrane, H&E: Hematoxylin-eosin

a

b
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Discussion 
AOM is a commonly seen disease which decreases the 
quality of life, requires patients to frequently present to 
clinics because of high recurrence rates and complications. 
The round window niche is a region that has been studied by 
many researchers due to its proximity to vital structures such 
as the tympanic segment of the facial nerve, the jugular vein, 
and the RWM that forms the middle ear-perilymph barrier 
(12-14).

In this study, we observed that after inoculating the bacteria via 
intrabullar injection into the middle ear, dense accumulation 
of purulent exudate occurred, especially in front of the round 
window niche and in the scala tympani of the basal turn of 
the cochlea. Previous studies have shown that free radicals, 
bacterial exotoxins, antioxidants, antibiotics, local antiseptics, 
and bacteria in the round window niche can penetrate the 
RWM and pass through the inner ear, and the material 
from the middle ear cavity may spread to inner ear. If this 
material affects the inner ear, it may lead to the development 
of sensorineural hearing loss, labyrinthitis and even otogenic 
meningitis (3, 8, 12, 15-18). 

In our study, the cross-sections of RWM showed differences 
in the shape of the membrane in the experimental group. 
While a normal chinchilla RWM has a more convex shape, 
the RWM of the infected ears showed a more flattened 
shape in our study, in accordance with the findings of 
previous studies (10, 12). Most researchers assume that this 
difference in the shape of RWM is related with the negative 
middle ear pressure due to inflammatory cell and exudate 
infiltration in the tympanic cavity due to acute onset of OM 
as well as with the inflammatory changes in the layers of the 
membrane (10, 19). But in all circumstances, the contraption 
involving the change in the shape of RWM may affect the 
whole interaction between the middle and the inner ears, 
hence the hearing mechanism.

Although the pathologies caused by S. pneumoniae in the 
RWM have been examined in many histopathology studies, 
to our knowledge, the quantitative data on membrane 
thickness have not been studied (12, 20). Considering that 
the number and species of the microorganisms used, and 
the duration of inoculation significantly affect the changes 
in membrane thickness, a better understanding of the 
pathological process by quantitative measurements support 
the results of the experiments. In the presented study, we 
found in the 2D measurements that the thickness of the 
RWM was significantly higher in the experimental group 
compared to those in the control group. In accordance with 
our results, Jiang et al. (10) observed that the membrane 
was significantly thickened in the chinchillas with AOM 
created by Haemophilus influenzae inoculation compared to 
the control group in four days after inoculation. In both their 
and our studies, the thickening of the RWM, which may be 
explained by the intracellular edema and cell proliferation 
occurring in the membrane, may be interpreted as part of 
the body’s defense system to protect the inner ear and other 
related structures from inflammation in the middle ear. 
However, the exact mechanism to understand the underlying 
pathology should be evaluated further.

The thickening of the RWM is directly related with the 
changing mechanism of membrane permeability. Numerous 
studies show that the permeability of RWM relatively 
increases in the early stages of OM, whereas it tends to 
decrease in the later stages (12, 20-23). In a study conducted 
on 25 cats with OM with Eustachian tube obstruction, it 
was observed that the transition within three days following 
the obstruction was similar to the transition from normal 
RWM, but the permeability of the membrane was greatly 
reduced after one to two weeks of occlusion (21). Similarly, a 
study in guinea pigs inoculated with Pseudomonas aeruginosa 
showed a gradual increase in permeability one week after 
OM was induced; however, permeability decreases when the 
inflammatory processes associated with OM are prolonged 
for more than two weeks (22). Based on these studies and 
our findings, it could be concluded that the increase in 

Figure 3. Representative photos of 3D reconstruction of the 
RWMs. a. Healthy RWM from control group, b. Thickened RWM 
from experimental group
RWM: Round window membrane

a b



47Turk Arch Otorhinolaryngol 2021; 59(1): 43-8
Keskin Yılmaz et al. 

3D Analysis of RWM in the Chinchillas

RWM permeability in the early period of OM may be 
due to the degenerative changes in the epithelial cells of 
the membrane. As the inflammatory reaction is prolonged, 
however, permeability decreases due to increased fibrosis 
in the middle layer of the membrane and effusion in the 
round window niche on either side of the membrane and the 
presence of PMNs (21, 22).

3D reconstruction of the temporal bone is an increasingly 
used method as it helps the surgeon to better understand 
the anatomical structure in the diagnosis and treatment of 
otologic diseases and in ear operations (24, 25). Although it 
is possible to distinguish and analyze the anterior, inferior, 
and center of the RWM in 2D analyses on temporal bone 
sections, in 3D analysis the membrane cannot be examined 
in this way and can be analyzed as a single structure. In the 
present study, however, when the temporal bone samples 
in the experimental group were examined, the thickening 
that occurred at all three points of the membrane could 
be clearly observed in 3D visuals. Therefore, performing 
a 3D reconstruction, enabled us to display the status and 
understand the changing angle of the RWM, and helped to 
track the thickness of the membrane. 

Understanding the anatomical position of the RWM and the 
changes in its structure in three dimensions has importance 
for pharmacokinetic research (26). Recent studies show that 
local drug delivery is a more efficient option than systemic 
antibiotic therapy in the treatment of inner ear diseases (26, 
27). In this direction, as it acts as a gateway between the 
middle and the inner ears, and because it is a metabolically 
active membrane, RWM may play an active role in the 
transfer of drugs intended to reach the inner ear (26-28). 
However, changes in the permeability of the membrane can 
complicate the manipulation of the drugs that are planned 
to be delivered to the inner ear, and the efficiency of the 
treatment may decrease (28). Therefore, determining the 
morphological changes and the 3D display of the angle 
and the location of the membrane may affect the treatment 
methods and results. Although there are only a few reports 
studying the reconstruction of RWM, 3D analysis of the 
membrane by using in-vivo visualization techniques may 
be a helpful method to better understand and analyze the 
morphology of the membrane and related structures and to 
direct the treatment protocols.

Conclusion
In our study, it was determined that the results obtained by the 
3D measurements of the RWM were compatible with those 
of 2D measurements. In parallel with 2D measurements, 
3D reconstruction results also showed that the volume of 
RWM in the experimental group was increased compared 
to those in the control group. These results show that the 
measurement of the membrane with 3D methods for 

pathologic illumination may significantly contribute to the 
outcomes in patients whose RWM permeability or stiffness 
are thought to be affected.
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Main Points
•	 This study provides a detailed histopathological description and 

quantitative information on the morphological changes of the 
RWM in AOM induced with S. pneumoniae serotype 7F.

•	 The results showed that the shape and the thickness of RWM 
changes within seven days after S. pneumoniae injection into the 
middle ear. 

•	 The results of 2D and 3D analyses of the RWM were compatible; 
and the 3D reconstruction of the RWM may be a helpful tool 
to understand and analyze the changes in the membrane caused 
by AOM.

References
1.	 Schauer LL. Otitis media. Garfunkel LC, Kaczorowski J, Christy 

C, editors. Pediatric clinical advisor e-book: instant diagnosis and 
treatment. Elsevier Health Sciences; 2007.p.419-20.



48 Turk Arch Otorhinolaryngol 2021; 59(1): 43-8
Keskin Yılmaz et al. 
3D Analysis of RWM in the Chinchillas

2.	 Koçyiğit M, Giran Örtekin S, Çakabay T. Otitis media,  
classification and principles of treatment approach [Article in 
Turkish] İKSST Derg 2016; 8: 65-70. [Crossref ]

3.	 Cureoglu S, Schachern PA, Rinaldo A, Tsuprun V, Ferlito A, 
Paparella MM. Round window membrane and labyrinthine 
pathological changes: an overview. Acta Otolaryngol 2005; 125: 
9-15. [Crossref ]

4.	 Joglekar S, Morita N, Cureoglu S, Schachern PA, Deroee AF, 
Tsuprun V, et al. Cochlear pathology in human temporal bones 
with otitis media. Acta Otolaryngol 2010; 130: 472-6. [Crossref ]

5.	 Penido ND, Chandrasekhar SS, Borin A, Maranhão AS, Testa JR. 
Complications of otitis media – a potentially lethal problem still 
present. Braz J Otorhinolaryngol 2016; 82: 253-62. [Crossref ]

6.	 Kaya S, Tsuprun V, Hızlı Ö, Schachern PA, Paparella MM, 
Cureoglu S. Cochlear changes in serous labyrinthitis associated 
with silent otitis media: a human temporal bone study. Am J 
Otolaryng 2016; 37: 83-8. [Crossref ]

7.	 Goycoolea MV, Paparella MM, Goldberg B, Schlievert PM, 
Carpenter AM. Permeability of the middle ear to staphylococcal 
pyrogenic exotoxin in otitis media. Int J Pediatr Otorhinolaryngol 
1980; 1: 301-8. [Crossref ]

8.	 Paparella MM, Morizono T, Le CT, Choo YB, Mancini F, Lidén 
G, et al. Sensorineural hearing loss in otitis media. Ann Otol 
Rhinol Laryngol 1984; 93: 623-9. [Crossref ]

9.	 Schachern PA, Paparella MM, Hybertson R, Sano S, Duvall 
AJ 3rd. Bacterial tympanogenic labyrinthitis, meningitis, and 
sensorineural damage. Arch Otolaryngol Head Neck Surg 1992; 
118: 53-7. [Crossref ]

10.	 Jiang S, Seale TW, Gan RZ. Morphological changes in the round 
window membrane associated with Haemophilus influenzae-
induced acute otitis media in the chinchilla. Int J Pediatr 
Otorhinolaryngol 2016; 88: 74-81. [Crossref ]

11.	 Sahni RS, Paparella MM, Schachern PA, Goycoolea MV, Le CT. 
Thickness of the human round window membrane in different 
forms of otitis media. Arch Otolaryngol Head Neck Surg 1987; 
113: 630-4. [Crossref ]

12.	 Schachern P, Tsuprun V, Cureoglu S, Ferrieri P, Briles D, Paparella 
M, et al. The round window membrane in otitis media: effect of 
pneumococcal proteins. Arch Otolaryngol Head Neck Surg 2008; 
134: 658-62. [Crossref ]

13.	 Sun W, Wang W. Advances in research on labyrinth membranous 
barriers. J Otol 2015; 10: 99-104. [Crossref ]

14.	 Li Z, Cai Z, Li J, Shen J, Tao B, Zhang G. 3D quantitative 
measurement for multi-spiral CT images of round window area 
related structure. Int J Clin Exp Med 2017; 10: 3510-6. [Crossref ]

15.	 Paparella MM, Schachern PA, Choo YB. The round window 
membrane: otological observations. Ann Otol Rhinol Laryngol 
1983; 92: 629-34. [Crossref ]

16.	 Nomura Y. Otological significance of the round window. Adv 
Otorhinolaryngol 1984; 33: 1-162. [Crossref ]

17.	 Goycoolea MV, Lundman L. Round window membrane. Structure 
function and permeability: a review. Microsc Res Tech 1997; 36: 
201-11. [Crossref ]

18.	 Goycoolea MV. Clinical aspects of round window membrane 
permeability under normal and pathological conditions. Acta 
Otolaryngol 2001; 121:  437-47. [Crossref ]

19.	 Wang X, Nakmali D, Gan RZ. Complex modulus of round 
window membrane over auditory frequencies in normal and otitis 
media chinchilla ears. Int J Exp Comput Biomech 2015; 3: 27-44. 
[Crossref ]

20.	 Schachern PA, Tsuprun V, Cureoglu S, Ferrieri PA, Briles DE, 
Paparella MM, et al. Effect of apolactoferrin on experimental 
pneumococcal otitis media. Arch Otolaryngol Head Neck Surg 
2010; 136: 1127-31. [Crossref ]

21.	 Schachern PA, Paparella MM, Goycoolea MV, Duvall AJ 3rd, 
Choo YB. The permeability of the round window membrane 
during otitis media. Arch Otolaryngol Head Neck Surg 1987; 113: 
625-9. [Crossref ]

22.	 Kim CS, Cho TK, Jinn TH. Permeability of the round window 
membrane to horseradish peroxidase in experimental otitis media. 
Otolaryngol Head Neck Surg 1990; 103: 918-25. [Crossref ]

23.	 Saber AK. Round window membrane and delivery of biologically 
active agents into the cochlea. Institutionen för klinisk 
neurovetenskap/Department of Clinical Neuroscience, Doctoral 
Thesis. 2010. [Crossref ]

24.	 Jun BC, Yeo SW, Chang KH. The PACS and three-dimensional 
reconstruction of temporal bone in middle ear surgery. Otolaryng 
Head Neck 2004; 131: 268. [Crossref ]

25.	 Lee CF, Chen PR, Lee WJ, Chen JH, Liu TC. Three‐dimensional 
reconstruction and modeling of middle ear biomechanics by high‐
resolution computed tomography and finite element analysis. 
Laryngoscope 2006; 116: 711-6. [Crossref ]

26.	 Patel J, Szczupak M, Rajguru S, Balaban CD, Hoffer ME. Inner 
ear therapeutics: an overview of middle ear delivery. Front Cell 
Neurosci 2019; 13: 261. [Crossref ]

27.	 Salt AN, Plontke SK. Local inner-ear drug delivery and 
pharmacokinetics. Drug Discov Today 2005; 10: 1299-306. 
[Crossref ]

28.	 Mikulec AA, Hartsock JJ, Salt AN. Permeability of the round 
window membrane is influenced by the composition of applied 
drug solutions and by common surgical procedures. Otol Neurotol 
2008 29: 1020-6. [Crossref ]

https://jag.journalagent.com/iksst/pdfs/IKSST_8_2_65_70.pdf
https://doi.org/10.1080/00016480410022534
https://doi.org/10.3109/00016480903311252
https://doi.org/10.1016/j.bjorl.2015.04.007
https://doi.org/10.1016/j.amjoto.2015.10.002
https://doi.org/10.1016/0165-5876(80)90004-x
https://doi.org/10.1177/000348948409300616
https://doi.org/10.1001/archotol.1992.01880010057016
https://doi.org/10.1016/j.ijporl.2016.06.049
https://doi.org/10.1001/archotol.1987.01860060056015
https://doi.org/10.1001/archotol.134.6.658
https://doi.org/10.1016/j.joto.2015.11.003
https://www.researchgate.net/publication/319090701_3D_quantitative_measurement_for_multi-spiral_CT_images_of_round_window_area_related_structure
https://doi.org/10.1177/000348948309200619
https://pubmed.ncbi.nlm.nih.gov/6377855/
https://doi.org/10.1002/(SICI)1097-0029(19970201)36:3<201::AID-JEMT8>3.0.CO;2-R
https://doi.org/10.1080/000164801300366552
https://www.inderscience.com/info/inarticle.php?artid=67680
https://doi.org/10.1001/archoto.2010.192
https://doi.org/10.1001/archotol.1987.01860060051014
https://doi.org/10.1177/019459989010300606
https://openarchive.ki.se/xmlui/bitstream/handle/10616/39845/thesis.pdf?sequence=1&isAllowed=y
https://doi.org/10.1016/j.otohns.2004.06.560
https://doi.org/10.1097/01.mlg.0000204758.15877.34
https://doi.org/10.3389/fncel.2019.00261
https://doi.org/10.1016/S1359-6446(05)03574-9
https://doi.org/10.1097/MAO.0b013e31818658ea

