
Open Access

Non-Invasive Optical Screening of
Streptococcus Pneumonia Based Inflammatory
Changes of the Tympanic Membrane and
Mastoid Mucosa in Guinea Pig Otitis Media
Using Optical Coherence Tomography
Volume 12, Number 4, August 2020

Ruchire Eranga Wijesinghe
Jaeyul Lee
Deokmin Jeon
Pilun Kim
Sangyeob Han
Junsoo Lee
Daewoon Seong
Dong-Eun Lee
Jeong Hun Jang
Mansik Jeon
Jeehyun Kim

DOI: 10.1109/JPHOT.2020.3012497



IEEE Photonics Journal Non-Invasive Optical Screening

Non-Invasive Optical Screening of
Streptococcus Pneumonia Based

Inflammatory Changes of the Tympanic
Membrane and Mastoid Mucosa in Guinea

Pig Otitis Media Using Optical
Coherence Tomography

Ruchire Eranga Wijesinghe,3,4 Jaeyul Lee,1 Deokmin Jeon,1
Pilun Kim,1 Sangyeob Han,1 Junsoo Lee ,1 Daewoon Seong,1

Dong-Eun Lee ,5 Jeong Hun Jang,2 Mansik Jeon ,1
and Jeehyun Kim1

1School of Electronics Engineering, College of IT Engineering, Kyungpook National
University, Daegu 41566, Korea

2Department of Otorhinolaryngology-Head and Neck Surgery, School of Medicine, Ajou
University, Gyeunggi-do 41944, South Korea

3Department of Biomedical Engineering, College of Engineering, Kyungil University,
Gyeongsangbuk-do 38428, South Korea

4Department of Autonomous Robot Engineering, College of Smart Engineering, Kyungil
University, Gyeongsangbuk-do 38428, Korea

5School of Architecture and Civil Engineering, Kyungpook National University, Daegu
41566, Korea

DOI:10.1109/JPHOT.2020.3012497
This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see

https://creativecommons.org/licenses/by/4.0/

Manuscript received May 26, 2020; revised July 19, 2020; accepted July 22, 2020. Date of publication
July 31, 2020; date of current version August 13, 2020. This work was supported in part by the
National Research Foundation of Korea (NRF) grant funded by the Korea government, (MSIT) under
Grant 2019R1G1A1092172 and in part by the Bio & Medical Technology Development Program of
the NRF funded by the Korean government, MSIP under Grant 2017M3A9E2065282. (Ruchire Eranga
Wijesinghe and Jaeyul Lee contributed equally to this work.) Corresponding authors: Jeong Hun Jang;
Mansik Jeon (e-mail: msjeon@knu.ac.kr).

Abstract: The accurate screening of otitis media (OM) lies in clarifying the numerous con-
founding and quantitative factors that are discovered during primary inspections. Increased
awareness about bacterial biofilms and inflammation has allowed researchers to develop a
better understanding of the bacterial infections that occur in the middle ear. In this study,
four live guinea pigs were inoculated with Streptococcus pneumonia to induce OM-related
inflammatory changes. Since optical techniques have been effectively used for diagnosis
in medicine, low-coherence interferometry-based optical coherence tomography (OCT)
was employed for depth-resolved high-resolution data screening. Multiple locations of the
tympanic membrane (TM), mastoid mucosa, and round window membrane were examined
to assess inflammatory changes. We performed qualitative assessments and thickness
quantifications and investigated the variations due to adverse inflammatory affects. The
findings of the present study provide a better understanding of S. pneumonia bacteria
caused inflammatory changes in middle ear and it further provides a fundamental platform
for future clinical utility.
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1. Introduction
Otitis media (OM) of the middle ear is one of the most common diseases observed in otorhinolaryn-
gology [1], [2]. OM can be further classified as chronic OM (COM), OM with effusion (OME), and
acute OM (AOM); AOM is an acute infection/inflammation of the middle ear mucosa, which also
involves the mastoid hair cells [3]–[6]. Streptococcus pneumoniae (pneumococcus) is the most
frequently identified bacterial organism in patients with OM. Moreover, S. pneumoniae is also the
main cause for pneumonia and meningitis, especially in children [7], [8].

In otorhinolaryngology clinical conditions are often associated with the development of increased
levels of pressure in the middle ear (ME), which may result in the formation of retraction pockets,
atelectasis, and cholesteatoma [9], [10]. This can be attributed to impair regulation of ME pressure,
which in normal ears, should be maintained close to the ambient or atmospheric pressure. The
mastoid cavity has gained more attention as a possible regulatory factor of the overall pressure
of ME. The mastoid forms the largest part of the ME, with a distinctly different structure from the
tympanum [11]. The mastoid mucosa consists of a thin layer of flat or cuboidal epithelial cells, with
loose and highly vascularized subepithelial tissue. These tissue layers are useful for efficient gas
exchange. Due to these aspects of anatomy, there is clear and immediate necessity for effective
screening of mastoid mucosa and TM with OM inflammatory changes [12].

The otoscope is one instrument that is ubiquitously used in the primary care of OM, which is used
to illuminate and magnify surfaces of tissues [13], [14]. Despite the important role of primary care
physicians in investigating these tissues, the principal otorhinolaryngological tools have remained
largely unchanged for decades. Although the otoscope is used to visualize the surfaces of the
oral mucosa, several limitations have been identified in the diagnosis of diseases that occur in sub-
surface layers [15]. Alternative techniques, such as acoustic reflectometry [16], tympanometry [17],
and Raman imaging [18] have been used to identify inflammatory changes in TM. However, these
methods are limited in their visualization of microstructures at a high-resolution and are generally
recommended to be used in combination with an otoscope for diagnosis. Since the hallmarks of
these diseases are more subtle during the early stages, the existing primary care technologies must
be supplemented with non-invasive techniques that are capable of providing more advanced real-
time imaging capabilities with high-resolution sub-surface visualization and sufficient quantitative
feedback.

OCT is a well-established optical imaging modality based on low-coherence interferometry that is
used in biomedical research and in the clinic [19]. OCT enables high-resolution and depth-resolved
in vivo and ex vivo imaging of biological structures through measurement of the echo-time delay,
magnitude, and phase of backscattered light. OCT was developed for use in ophthalmology, and
has also been extensively used in cardiology, dermatology, gastroenterology, and oncology during
the past two decades [20]. Furthermore, OCT has been used to investigate structural and dynamic
changes of the ME both in vivo and ex vivo. The practical use of OCT has been demonstrated
in numerous clinical settings showing the potential capability of acquiring quantitative structural
information of TM. Several successful middle ear-related OCT studies have been conducted, and
have shown the exceptional capabilities of OCT in aiding the identification of sub-surface tissue
differentiation and localization of critical structures [21]–[23]. Moreover, the thickness of the TM
membrane can be visualized and quantitatively analyzed using OCT to delineate the relevant
morphological structures [24]–[26]. Pre-identification of these morphological changes in vivo at
an early stage not only offers a value from a research point of view, but may also be beneficial to
understanding the changes that occur during the process of infection. This information is essential
to halting the development of a bacterial biofilm in the ME.

In this study, we present an OCT-based morphological and quantitative approach to obtain
thickness measurements as a method of assessing inflammatory changes that occur early in
mastoid mucosa and TM with OM after the inoculation of S. pneumonia. Our results demonstrate
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Fig. 1. System configuration of the OCT-based inspection modality.

that the use of OCT allows for immediate visualization of the ME, providing a precise qualitative
comparison between control and abnormal infected mastoid mucosa and TM regions after the
inoculation of S. pneumonia, which is yet to be reported in OCT literature. A pixel intensity-based
thickness tracking algorithm was employed to gain a better understanding of TM and mastoid
mucosa thickness variations, providing a quantitative method to screen the OM non-invasively.
Therefore, this study provides novel insight into the morphological changes that occur due to S.
pneumonia-associated inflammation in the mastoid mucosa and TM. Future clinical studies can
use this methodology to assess these changes in patients in the clinic.

2. Experimental Materials
2.1 Optical Inspection System Configuration

Schematic of the OCT system configuration is shown in Fig. 1. The system was operated using a
broadband light source (BroadLighters T-860-HP, Superlum) with a center wavelength of 860 nm
and a full width at half maximum of 165 nm. A 50:50 optical fiber coupler split the laser beam
into sample and reference arms. The interference fringes of the backscattered beam from the
sample and reference arms were recorded using a compact spectrometer. A pair of prisms was
connected in the reference path to compensate for the dispersion within the optics of the sample
path. The inspection sample arm consisted of a collimator, galvanometer scanner, objective lens,
and relay lenses to obtain cross-sectional images. The axial resolution and the signal-to-noise
ratio were improved by calibrating the optical spectrum, as described previously [27]. The axial
and lateral resolutions measured (in air) of the system were 5 µm and 16 µm, respectively.
High-resolution video and color images of the examined mastoid mucosa and TM regions were
acquired using a miniaturized commercially available high-resolution optical microscope integrated
charge-coupled device video camera with 1.3 megapixels. The system processing methods and
the detailed configurations of the OCT instrumentation used were described previously [28], [29].
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Fig. 2. Graphical representation of OCT pixel enumeration-based thickness measurement procedure.

2.2 Preparation of the Animal Model of OM

All animals were managed in compliance with the Guidelines for the Care and Use of Laboratory
Animals of the National Institutes of Health, and all experiments were performed according to the
Guidelines of the Internal Animal Care and Use Committee of Ajou University Hospital Biomedical
Research Institute (approval no. 2016–0027). Five Harley Albino guinea pigs (255–455 g) aged
7–9 weeks were used. During the experiment, four animals were inoculated, and the remaining
animal served as a control. After delivery of general anesthesia, ketamine (90 mg/kg) and xylazine
(10 mg/kg), an incision about 1.5 cm in length was made in the retroauricular area of left ear. The
location of the bulla was confirmed via palpation of bony protrusions in the posterior inferior part
of the skull. The muscle fascia and the periosteum were removed with scissors and forceps. After
confirming the triangular shape of the external surface of the bulla, a pinhole sized bullotomy was
performed using a Rosen pick. Streptococcus pneumoniae was inoculated into the ME using a
bulla pinhole and a 24-gauge needle connected to a 1 cc syringe. After injection, the bullotomy site
was covered with gelfoam, and muscle closure was performed. To minimize mortality and morbidity,
all animals were kept on warm platforms. The animals were examined 7 days after the inoculation.
Transcardiac perfusion with phosphate-buffered saline was performed prior to the dissection. The
bulla was isolated from the skulls and was divided into the large pieces using a drill with a 1 mm-
diamond burr. The images of the ME mucosa inside the bulla were obtained using the OCT system.

2.3 Pixel Enumeration-Based Thickness Measurement Procedure

Fig. 2 describes the laboratory customized OCT pixel enumeration-based thickness measurement
procedure for the inflammatory changes that occurred in multiple locations of the TM and mastoid
mucosa. To evaluate total pixel intensity-based depth dependent intensity fluctuation, a concise pro-
gram was coded using MATLAB (Mathworks, USA). First, raw images (two dimensional (2D)-OCT
images) were loaded into the program and a median filter was applied to compensate the speckle
noise of cross-sections. As the secondary step, this post-processing method consists of an image
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window with adjustable dimensions to evaluate thickness information by selecting the infected or
abnormal region of interest (ROI), where the remaining regions, which do not represent inflamma-
tory changes can be discarded according to the surgeon’s point-of-view. Although this manually
functioned image window selection is an arbitrary process, the dimensions of this software-based
imaged window size is adjustable accordingly without any shortage of missing infected or ap-
parently abnormal morphological structures including non-flattened or curved structures owing
to the physiological nature of the TM as emphasized in Fig. 2. The relative dimensions are
described as nPx (X-direction) and nPy (Y-direction).Thus, the challenge of measuring approximate
layer thickness considering the variability of depth signals was able to be rectified. Though each
component of a tissue has a unique refractive index, herein, a refractive index of 1.32 (fundamental
average refractive index of TM and surrounding structures) was applied to the entire image window.
Since 2D-OCT images are composed with axial direction depth profiles (depth A-scans), each
A-scan of 2D-OCT image corresponds to a vertical direction pixel array. Hence, the number of
vertical pixel arrays of manually functioning arbitrarily selected image window is different at each
attempt. Next, the number of pixels and pixel-intensity values of the image window were extracted
and arranged in a sequential manner. To detect the peak pixel intensity (gray scale intensity of OCT
images) in each pixel array, a peak pixel intensity search function was simultaneously simulated.
The peak pixel intensity search function detects the maximum pixel intensity in each individual
pixel array sequentially. Then all the peak pixel intensity value positions in each vertical pixel array
of the entire selected image window were rearranged. Although in OCT, it will be the intensity
with largest gradient, rather than maximum intensity value that correspond to the topmost layer,
the physical nature of TM, mastoid mucosa, and round window membrane illustrate non-flattened
2D OCT cross-sectional images containing maximum pixel intensity index positions at different
positions located in vertical pixel arrays. Therefore, the index positions with the maximum pixel
intensity should be rearranged and matched linearly to obtain a flattened image. Once curved
structures are successfully flattened, the number of pixels, which are included in the image window
emphasizing the ROI were enumerated and fully considered for the thickness evaluation.

3. Results
3.1 Preparation of the Animal Model of OM

Fig. 3(a)–(d) shows representative 2D-OCT images of ex vivo TM acquired from four S. pneumonia-
inoculated guinea pig models of disease. Prior to perform OCT imaging, the specimens were
initially examined 7 days after the disease inoculation by an expert Otorhinolaryngology surgeon.
The disease progression as well as the structural changes of normal ME tissues were confirmed
through high-resolution optical microscope integrated camera visualizations and previous OCT
assessments [30], [31]. The acquired 2D-OCT visualizations clearly emphasized the biofilm growth
due to disease progression with a structural comparison between healthy homogenous structures
(indicated with yellow color vertical dashed lines) and infected heterogeneous structures (indicated
with white color vertical dashed lines) through structural abnormalities with a biofilm growth. There-
fore, white dotted squares on the 2D-OCT images correspond to the formation of abnormalities,
while the yellow color vertical lines indicate regions without any thickness discrepancies prior to the
spread of infection, which are apparent non-infected regions. The thickness measurements were
obtained from all locations, which are graphically illustrated in Fig. 3(e)–(h). Noticeable differences
were observed in the TM after the inoculation, which were precisely visualized through 2D-OCT
images that were captured. Interestingly, there were clearly identifiable areas with initial formation
of a biofilm in regions of the TM. These areas had higher scattering intensity than the non-infected
regions, which were mapped at intensity between 0 and 255. The 2D-OCT data acquired from
TM regions was subsequently used to determine the thicknesses of the abnormal regions. The
average thickness values were calculated using an image window with 50 intensity lines (shown
in the dotted square region) for both non-infected and infected regions. As described in the
measurement procedures, the angled TM geometry was mathematically indexed and flattened to
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Fig. 3. (a)–(d): Representative depth-resolved 2D-OCT images of multiple TM regions. (e)–(h): Quan-
titative thickness comparisons between normal and infected regions.

obtain accurate thickness readings. The depth profiles shown in Fig. 3(e)–(h) quantify the thickness
differences between the uninfected and abnormal locations, as indicated on the cross-sections.
When the depth profiles are displayed on the same intensity and depth scales, the abnormal
regions typically exhibit a higher thickness and normalized intensity in comparison with non-infected
regions. Although qualitative appearance-based diagnosis based on physical appearance has been
the conventional diagnostic parameter, the quantifications that we have developed significantly
enhance diagnosis accuracy.

3.2 Non-Invasive Classification of the Mastoid Bone

The OM and COM are the stages of ear disease in which there are inflammatory changes of the
TM and mastoid bone in the ME. Therefore, as a secondary inspection approach, the mastoid
mucosa region was examined in all four S. pneumonia-inoculated guinea pigs. Fig. 4(a) and 4(b)
illustrate the gray-scaled and color-scaled intensity representations of the mastoid mucosa, which
were visualized using a high-resolution optical microscope integrated camera. Particular regions
with OM, infected regions, and apparently normal regions are indicated with red, yellow, and
magenta colored arrows, respectively. Fig. 4(c) shows the 2D-OCT representation acquired from
an apparently normal structural region of black dashed circular region of Fig. 4(b), which consists
of abnormal and apparently normal regions. The blue color horizontal dashed line indicates the
exact scanned location. On the right side, median thickness values are indicated on the 2D-OCT
images (Fig. 4(h)–(k)) corresponding to the regions of interest indicated on the optical microscope
integrated camera images (Fig. 4(d)–(g). The numerical results show that all of the mastoid bones
have an equal variance with an increased thickness coefficient. In contrast, optical microscope
integrated camera images provide a cloudy dark red appearance due to inflammation. The acquired
qualitative and quantitative assessments reveal that the thickness of the infected regions is 1.5
times greater than that of the normal regions, which confirms the natural progression of inflam-
mation. Since the guinea pig bulla specimens were surgically extracted and were examined in ex
vivo state, the thickness expansion of mastoid bony regions and surroundings were satisfactorily
visualized qualitatively and quantitatively owing adequate penetration of OCT beam towards the
mastoid bony regions.
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Fig. 4. (a)–(d) (a, b): Gray-scaled and color-scaled intensity representations of the mastoid mucosa.
(c): 2D-OCT representation acquired from the apparently normal region (indicated with blue color
horizontal dashed line) of black dashed circular region of Fig. 4(b), (d)–(g): Microscopic visualization of
the infected mastoid mucosa regions. (h)–(k): Corresponding OCT cross-sections acquired from blue
colored dashed line region indicated on the optical microscope integrated camera images.

3.3 Cross-Sectional Assessment of Round Window Membrane

Inflammatory changes can occur in the round window membrane as result of OM. Since the oval
window and round window membrane are connected to the cochlea, these structural transforma-
tions must be classified. Thus, diagnosis of the round window membrane was performed using the
four inoculated guinea pigs. The main difficulty of inspecting the round window membrane is the
destruction of the inner ear, as membrane removal leads to destruction of the cochlea. Therefore,
intraoperative isolation of the round window membrane was performed. Fig. 5(a)–(d) depicts
the cross-sectional representation of the four round window membranes that were examined,
where the white colored dashed boxes emphasize the regions of interest in each cross-section.
Fig. 5(e)–(h) shows the zoomed visualizations of the regions of interest. The angled slices of the
round window membranes were selected for thickness determination in the illuminated regions
of interest. Software-based boundary detection was performed assess the exact morphological
boundary region, indicated by the red colored solid line for each round window membrane. The
green and red colored dashed lines illustrate a comparison of thicknesses between normal regions
and infected regions, respectively. Five locations from both the green and red dashed regions
were acquired and averaged to obtain corresponding thickness values for both the normal and
infected regions. The measured mean thickness range of normal regions was 10–30 µm and
infected regions were 80–200 µm. The axially confined thickness distribution identified through
OCT visualization confirmed the diagnostic capability of OCT.

Table 1 illustrates the averaged thicknesses of the TM, mastoid mucosa, and round window mem-
brane in non-infected and infected regions. There were reductions in thickness of microstructures
due to disease progression.

4. Discussion
Pre-diagnosis of OM is challenging due to the difficulties in acquiring morphological information
[32]. Therefore, many studies have utilized a combination of microscopy and optical coherence
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Fig. 5. Cross-sectional analysis and structural classification of normal and infected regions after
the inoculation of Streptococcus pneumonia. The green dashed lines and green arrows illustrate
normal regions and red dashed lines and red arrows illustrate infected regions. RWM: round window
membrane.

TABLE 1

Summary of Averaged Non-Infected and Infected Thicknesses for TM, Mastoid Mucosa, and Round
Window Membrane

tomography imaging to gain a higher depth-resolved sensitivity [30], [33], [34]. In the current
study, technological integration-based qualitative and quantitative measurements of S. pneumonia-
inoculated guinea pig ME specimens were acquired to examine inflammatory changes that occur
in the TM and mastoid bone after the inoculation of disease. Collectively, qualitative 2D-OCT
assessments and pixel-intensity based thickness evaluations provided compelling evidence for the
presence of structures with biofilm growth and disease progression-based thickness increase of
the examined regions. To obtain further confirmation and morphological classification, non-infected
and infected mastoid bone regions were examined through the acquired cross-sections. In fact,
the primary goal of the demonstration was to confirm the structural abnormalities of TM, mastoid
mucosa, and round window membrane due to disease progression after the inoculation using OCT.
However, the acquisition of OCT visualizations of in vivo normal regions was a challenging task
using the employed OCT system configuration. Since the OCT assessments of the current study
clearly revealed the biofilm growth due to disease with a structural comparison between healthy
homogenous structure and infected heterogeneous structure through structural abnormalities (with
a biofilm growth), the comparison between healthy and infected were conducted using the obtained
raw ex vivo OCT visualizations, while supportive literature reports emphasizing healthy in vivo
structures of the examined regions, which were acquired using handheld-OCT and surgical-OCT
maneuvers can be referred elsewhere [26], [29], [35]–[38]. Fig. 6(a) shows the mastoid bony re-
gions extracted from the control guinea pig along with a representative cross-sectional visualization
(Fig. 6(b)–(d). The horizontal dotted lines of Fig. 6(a) and 6(b) represent the regions of interest.
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Fig. 6. Morphological comparison between surgically extracted non-infected and infected mastoid
mucosa bony regions. (a and b): Top view of the non-infected and infected mastoid mucosa bony
regions. (c and d): Corresponding cross-sectional images acquired from the dotted lines indicated on
(a) and (b). The dimensions of the lateral purple and red arrow signs indicated on (c) and (d) images
reveal the thickness differences between non-infected regions and abnormal bony structures.

Fig. 7. (a and b): volumetric assessments acquired from the surgically extracted non-infected and
infected mastoid mucosa bony regions. The corresponding multiple cross-sectional images acquired
from the dotted regions were used to confirm the cross-sectional difference between non-infected and
infected regions.

Clearly identifiable thickness comparison can be observed between two specimens (indicated with
purple and red color bi-directional arrows), and the thickened bony structure of the infected mastoid
bone (indicated with solid bi-directional red color arrow) reveals the progression of infection in the
diseased animal model.

Moreover, 3D-OCT images were constructed to obtain volumetric assessments, as shown in
Fig. 7. The representative volume renders of the mastoid bony region of the diseased animal
model (Fig. 7(e)–(h) confirm the growth of biofilm regions, which are indicated with the blue colored
dashed circles, as compared to the control mastoid bony region (Fig. 7(a)–(d). Since guinea pig TM
and ME structures are similar to those of human ears, the acquired 2D and 3D-OCT visualizations
provide a convincing platform to confirm the potential merits of this method. Therefore, the results of
this pre-clinical animal study demonstrate the potential use and provide a new insight for research
and clinical use for diagnosis of S. pneumonia bacteria-infected OM.
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The ex vivo specimens of the study were examined 7 days after the disease inoculation by an
expert Otorhinolaryngology surgeon, while the formation of abnormalities were visually examined
and confirmed through a conventional high-resolution optical microscope integrated camera based
imaging technique, and simultaneously verified through the histological representations along with
quantitative assessments of previous literature reports [18], [39], [40]. The obtained 2D-OCT
images based numerical assessments shown in Table 1 revealed a significant increase in infected
structural thickness of round window membrane (approximately 6 times greater than normal region)
and TM (approximately 2 times greater than normal region) in comparison with mastoid mucosa.
The fundamental scope of this study was to investigate how feasible and beneficial is OCT to
diagnose inflammatory changes that occur early in mastoid mucosa, TM, and round window
membrane with OM after the inoculation of S. pneumonia. Therefore, a less number of ex vivo
specimens were involved in this study preliminarily. Although the number of specimens is less, the
feasibility was sufficiently confirmed through the obtained quantitative and qualitative results and
precisely verified with previously reported histological and quantitative assessments [18], [30], [31],
[40]–[42]. Nevertheless, using the current results to determine a threshold parameter confirmed
through a P value analysis is challenging due to the lack of in vivo assessments. Therefore as
the base demonstration to assess clinical applicability, it is worthy to note that successive in vivo
clinical trials with extensive quantifications will be extraordinarily beneficial to obtain highly accurate
threshold parameters to diagnose inflammatory changes occur in middle ear.

5. Conclusion
This study demonstrates a non-invasive quantitative method to identify fundamental morphological
changes of the TM, mastoid mucosa, and round window membrane in response to S. pneumonia
bacterial infection ex vivo. Cross-sectional images were acquired from multiple locations of these
structures to observe structural changes. The customized pixel intensity-based thickness tracking
algorithm was utilized to confirm structural changes. To further confirm these findings, surgically
extracted non-infected and infected mastoid mucosa specimens were examined under ex vivo
conditions to further confirm biofilm growth after inoculation. The qualitative 2D and 3D image-
based findings successfully confirmed the disease growth in middle ear structures; therefore, OCT
provides a means to rapidly and non-destructively assess abnormalities in the TM and mastoid
mucosa. These findings suggest the usefulness of using both high-resolution OCT and endoscopy,
rather than invasive sampling, to perform a multi-dimensional inspection of ME diseases at an early
stage.
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