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Optical coherence tomograph for non-invasive examination

of the human middle ear
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Abstract. The paper describes the design of an optical coherence
tomograph adapted for studying the state of the tympanic cavity of
the human middle ear. We present the images obtained by the method
of optical coherence tomography, which are characteristic of the
norm and of the case of pathology — otitis media with effusion.
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1. Introduction

Otitis media with effusion (OME) is a non-purulent disease of
the middle ear, which is characterised by the accumulation of
fluid (exudate) in the tympanic cavity, accompanied by a
restriction of the mobility of the tympanic membrane. The
clinical picture of OME is characterised by the absence of
pain and signs of active inflammation, most often by moder-
ate hearing loss and noise in the ear. The long course of OME
and the lack of adequate treatment can lead to the develop-
ment of complications, including purulent ones that require
complex sanitising and reconstructive interventions. Up to
11% of OME cases are attended with violations of auditory
nerve operation and the development of sensorineural hear-
ing loss [1]. Even a slight hearing loss in children can lead to
impaired speech and thinking as well as affect emotional sta-
tus. This confirms the relevance of the problem of diagnosis
and treatment of OME and brings this pathology to the fore
among middle ear diseases both in our country and around
the world.

The smoothness of clinical manifestations and a wide
variability of otoscopic signs often make it difficult to diag-
nose OME at a regular appointment with an otolaryngologist
(ENT doctor). Standard otoscopy has a low sensitivity
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(74%—87%) and specificity (60%—74%) in the diagnosis of
OME [2-4]. At present, objective diagnostics of OME
requires the participation of a second narrow specialist — an
audiologist — and a set of complex equipment accommodated
in a special soundproof room. Audiometry is supplemented
by the impedance measurement, which includes acoustic
reflexometry, tympanometry [5]. The sensitivity of tympa-
nometry is 85.5% and the specificity is 72% [5, 6].
Tympanometry results indicate that the mobility of the ear-
drum is restricted, most often due to the presence of fluid in
the tympanic cavity, but other reasons for limited mobility of
the middle ear are also possible.

Optical coherence tomography (OCT) permits visualising
the existence of a scattering medium behind the eardrum,
which makes possible direct liquid detection in the tympanic
cavity [7-9]. In this case, the use of near-IR radiation makes
the procedure non-invasive and permits obviating the intro-
duction of conductive media into the external auditory canal,
as in ultrasound studies [10, 11]. The main method for identi-
fying clinically significant information obtained using OCT is
a visual examination of the resultant structural image, which
gives the overall sensitivity and specificity of the method at
91% and 90 %, respectively, with the consent of respondents
at a level of 87%, according to research performed in 2019
[12]. Apart from the visual image examination, techniques for
the numerical analysis of OCT data were also proposed,
which made it possible to estimate the mobility of scatterers in
the exudate, which in turn makes it possible to distantly esti-
mate its viscosity [9, 13, 14] and thereby select the optimal
treatment tactics.

The present paper describes an optical coherence tomo-
graph intended for diagnosing the diseases of the middle ear
and, primarily, the OME.

2. OCT design adapted for otoscopic examinations

Otoscopic probe. The structural features of the human hearing
apparatus exclude the wide use of contact probes and also
impose significant restrictions on the possibility of organising
wide-field scanning. In the development of the probe, special
emphasis was placed on ensuring the sterility of the performed
studies by combining the scanning device and standard ear
funnel used in routine otoscopic practice. This favourably dis-
tinguishes the device we have developed from the one
described in Refs [12, 15] and its commercial implementation
TOMi Scope (PhotoniCare, Inc., USA) (which received FDA
approval at the end of 2019), which uses custom-made ear
specula.

The schematic optical diagram of the scanning device is
shown in Fig. 1. The collimated probe beam is deflected by a
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scanning mirror located in plane /. The telecentric focusing
group (2) translates the angular distribution of radiation in
plane 7, which is located in the front focal plane of the group,
into the spatial distribution in its rear focal plane (/). The
paired lens system (4) transfers the image from plane /’ to
plane 7 located inside the object of study with a 1.4-fold mag-
nification. The transfer of the image plane beyond the rear
focal plane of the lens system (4) permits scanning through a
limited aperture hole without losing the scanning range. The
minimal cross sections (apertures) of both channels (OCT and
video recording) are located in plane 6, which permits us to
accommodate a video channel illumination system in it. The
system consists of six circularly arranged white light LEDs,
which are mounted on a metal heat sink and produce a quasi-
uniform illumination field in the observation plane.

Figure 1. Optical configuration of the scanning device:

(1, 1") scanning mirror planes of the OCT channel; (2) telecentric fo-
cusing group; (3) dichroic mirror; (4) scanning lens group; (5) remov-
able standard ear funnel; (6) plane of the location of illumination di-
odes; (7) plane of probing radiation focusing; (&) camera lens; (9)
CCD matrix plane.

To achieve flexible probe adjustment during pilot exami-
nations, the position of the removable funnel (5) relative to
the focus plane can vary within £5 mm. This makes it possi-
ble to provide, if necessary, a partial focus of the probe in the
wall of the external auditory canal, regardless of its gOMEet-
ric length, and in turn makes it possible to examine the tym-
panic cavity with different anatomical features and in differ-
ent age groups.

To effectively point the scanning device at the object
under examination, the optical path provides for the place-
ment of a CCD matrix (9), on which the scanning plane (7)
is imaged in the visible wavelength range.

The introduction of a video channel into the optical con-
figuration of the scanning device permits the OCT device to
be supplemented with the function of a digital otoscope,
which is also important for the clinical application of the
device. A dichroic long-path mirror 69-874 (Edmund Optics)
was used for spectral channel separation.

The base unit of OCT tomography. Structurally, the base
unit is implemented according to a tandem interferometric
scheme [16] (Fig. 2) with the use of flexible probes with isotro-
pic optical fibre. The source of probing radiation was a super-
luminescent diode EXS210046-2 (Exalos, USA) with a centre
wavelength of 1307 nm, a half-height spectrum width of 68
nm and an output radiation power up to 15 mW. To simplify
the object search procedure during experimental testing, the
length of the reference arm of the Michelson interferometer
(4) (Fig. 2) could vary within =5 mm. For a long waist length
of the probe beam, this made it possible to use it for searching
the position of the object under study with only a slight dete-
rioration in the clarity of the images obtained.

Diffraction grating spectrometer T-1200-1310
(LightSmyth, USA) with a line density of 1200 lines mm™! has

Figure 2. Optical configuration of the OCT base unit:

(1) superluminescent diode; (2) optical isolator; (3) 3-dB coupler;
(4) additional Michelson air interferometer; (5) optical circulator;
(6) scanner (basic Fizeau interferometer); ( 7) spectrometer.

a recording bandwidth of 80 nm. Equidistancy correction of
the registration of spectral components is carried out using a
combined corrector [17] based on custom-made elements
(Nanyang Jingliang Optical Technology Corp., China). The
antireflection coating deposited by the manufacturer rules
out the occurrence of polarisation anisotropy at corrector ele-
ments and provides for the integral transmittance up to 98 %
for the radiation of the target range. The focusing element is
a plan-lens (/= 103 mm) of our own design with an extended
aperture stop, which has minimal distortion (0.02% at the
edge of the field of view). The optical spectrum of the sum of
interfering waves is recorded using an SU-512LDB-1.7T1 lin-
ear photodetector array (Goodrich, USA). The bandwidth-
limited spatial resolution of the base unit is 11 pum; the maxi-
mum range of imaging in depth in one frame is 3.2 mm.

In the recording images of the tympanic membrane, the
sensitivity of the developed device (in signal-to-noise ratio)
was 60 dB, which required special measures to exclude the
influence of heterodyne artifacts characteristic of systems
using multi-channel photodetector elements [18]. Although
during the OCT examination of the tympanic cavity there is a
possibility of contact between the side surface of the probe
and the surface of the external auditory canal, which reduces
the influence of involuntary displacements of the probe in the
transverse direction, such contact can hardly prevent the
appearance of displacements in the direction of optical sens-
ing. The experimentally recorded displacements had a signifi-
cant effect on the surface shape visualised in the three-dimen-
sional scanning as well as on the possibility of extracting the
corresponding information from the OCT data. In this con-
nection, the software of the device provided for the suppres-
sion of micro-displacements of the probe relative to the object
under examination [19, 20]. Furthermore, the software pack-
age of the device implements an algorithm that corrects the
influence of fast motions characteristic of the target search
procedure [21], which leads to the disappearance of the signal
from the spectral OCT image under certain conditions. This
procedure permits restoring the brightness of the OCT image
in real time, which is especially important when using probes
with a short working length, since the constant presence of a
signal on the screen makes it possible not only to correctly
assess the direction and speed of the probe motion, but also to
avoid extremely undesirable contact of the probe tip with an
extremely sensitive object — the eardrum.

In addition, the base unit provides the ability to change
the hardware mode of research from three-dimensional to a
mode that is essentially close to the M mode, in which scan-
ning occurs in one plane without shifting along the second
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coordinate. In this case, the difference from the M mode con-
sists in that the displacement of the scanning plane neverthe-
less occurs, but at a speed many times lower than the displace-
ment speed during 3D scanning. This allows us to consider up
to 50 consecutive OCT images obtained in the mode we used
as images from a single plane, and the full set of recorded data
captures about 20 such image volumes, which significantly
raises the probability of detecting single scatterers in this
mode that are in the exudates in early formation stages.

3. Experimental testing of the OCT device

Figure 3 shows the external appearance of the device devel-
oped and tested in this work, which consists of an interfero-

Figure 3. External view of the OCT device with an attached probe:

(1) base (interferometric) unit; (2) drive for changing the length of the
reference arm; (3) operating mode switch; (4) scanner probe; (5) re-
placeable standard ear funnel; (6) funnel mounting coupling; (7) cou-
pling for adjusting the position of the funnel relative to the focal plane.

metric unit (/) and a scanner probe (4). Displayed on the
front panel of the device are the drive (2) for changing the
length of the reference arm and the toggle switch (3) for
switching the operating modes of the device. Directly on the
body of the scanner probe, there are couplings for fixing the
replaceable otoscopic funnel (6) and adjusting the position of
the funnel relative to the focus plane (7).

The developed tomograph was experimentally tested with
the involvement of volunteers on the basis of the ENT
Department of the Privolzhsky District Medical Centre of the
Federal Medical and Biological Agency of Russia. The study
was approved by the local Research Ethics Committee of the
Volga Research Medical University of the Ministry of Health
of Russia (Protocol No. 7 of 03.07.17).

Figure 4 shows the eardrum and tympanic cavity images
of a healthy volunteer and of patients with a confirmed diag-
nosis of OME obtained using our developed device. In the
image of the video channel (Fig. 4a), contour A highlights the
area of OCT information acquisition. Since the stretched part
of the eardrum is most important from the viewpoint of diag-
nostic information, the lower quadrants were mainly chosen
for the examination.

Figures 4c and 4d show the images of the tympanic cavity
in the case of confirmed OME. One can see that normally
(Fig. 4b) the tympanic cavity does not contain traces of scat-
terers, except for regular structures of the middle ear that fall
into the field of view of the device. By contrast, in the pres-
ence of exudate in varying degrees of development, identified
in the volume of the tympanic cavity are single scatterers
(Fig. 4¢) or a uniformly scattering medium.

In the acute course of OME (56 % of patients in the study
group), exudate is a highly transparent liquid containing indi-

Figure 4. Images of the volunteer’s tympanic cavity obtained using the video channel (a) and the OCT method (b), patients with early-stage acute
OME with a fluid exudate (c), a patient with chronic OME with a high-viscosity effusion (d):

(1) non-stretched part of the tympanic membrane; (2) anterior-upper quadrant of the stretched part; (3) posterior-upper quadrant of the stretched
part; (4) hammer handle; (5) external auditory canal; (6) tympanic cavity in the lower quadrants; (A) OCT-sensing area; (B) image plane of Fig.

4b. The bar height is 1 mm.
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Figure 5. OCT-image of the tympanic membrane in normal (a) and in chronic OME (b); EAC is the external auditory canal. The bar height is | mm.

vidual inclusions of large scattering objects (fragments of the
mucous membrane damaged by an acute inflammatory pro-
cess, and cellular structures). For prolonged and chronic
OME course (44 % in the study group), the OCT image of the
tympanic cavity is characterised by uniform scattering over
the entire volume available for observation, while the average
signal level in the image significantly exceeds the noise level.
This pattern is explained by the dominant scattering of light
from high-molecular structures — DNA fragments, protein
structures, and glycopolysaccharides present in the exudate in
significant amounts during the long course of the disease
[12, 22].

Figure 4b shows a clinical example of an early course of
OME. Discernible in the visual assessment of the OCT image
is the structure of the tympanic membrane, as well as indi-
vidual intense inclusions against the low-intensity exudate
background. As a result of a small surgical intervention (lim-
ited to tympanostomy), a liquid effusion was obtained, a
shunt was installed and medication was prescribed, which led
to the patient’s recovery.

Figure 5b shows a clinical example of a chronic prolonged
course of OME. Discernible in the visual assessment of the
OCT image is the structure of the eardrum; a high-intensity
signal in the tympanic cavity in the form of a quasi-uniformly
scattering structure is also seen. Surgical intervention (limited
to bilateral tympanostomy: a similar pattern was observed for
the second ear) was performed, a highly viscous effusion was
obtained, shunts were installed, and medication was pre-
scribed.

In total, the study group included 24 patients with OME
(11 women and 13 men) between 22 and 76 years of age, who
were advised surgical treatment — tympanostomy; 5 patients
had a bilateral process (29 OME cases in all). After exudate
evacuation, its viscosity was evaluated in patients of the study
group.

Studies of clinical material [23] and analysis of literature
data [12] allow a conclusion that it is possible to identify the
state of exudate by statistical characteristics of the OCT image.

The second important result obtained in a clinical setting
is related to the detection of a correspondence between the
thickness of the tympanic membrane measured from OCT
images and the clinical picture of the disease. The study of
eardrum thickness analysed the results of an examination of
56 patients with OME aged 18 to 76 years; a total of 73 mea-
surements were performed. The control group consisted of 28
patients without middle ear pathology, and 31 studies were
performed.

The OCT-based measurement of the thickness of tym-
panic membrane was performed in its stretched part at the

same distance from the fibrous ring and the place of attach-
ment of the hammer in the line-of-sight zone. Quantitative
analysis of the resultant OCT images was performed manu-
ally using the open-source ImageJ software. Statistical pro-
cessing of the results revealed a statistically significant differ-
ence between the thickness of tympanic membrane in normal
and in the presence of atrophic changes (p < 0.001), as well as
when comparing the figures in normal and in chronic OME
(p <0.001).

4. Conclusions

The optical coherence tomography device developed in our
work can be used in the routine practice of ENT specialists to
study the state of the human middle ear and diagnose otitis
media with effusion. The device allows an effective detection
the presence of a scattering liquid behind the eardrum.

Studies of clinical material and analysis of literature data
allow us to conclude that it is possible to identify the state of
exudate by statistical characteristics of the OCT image.

Measurements of the distribution of the average value of
the tympanic membrane thickness performed in the study
group suggest that it is possible to determine the chronic or
acute nature of the disease even in the absence of this infor-
mation in the anamnesis.
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