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Abstract

A wide-field optical coherence tomography (OCT) probe was developed that adapts a diagonal-
scanning scheme for three-dimensional (3D) /n vivo imaging of the human tympanic membrane.
The probe consists of a relay lens to enhance the lateral scanning range up to 7 mm. Motion
artifacts that occur with the use of handheld probes were found to be decreased owing to the
diagonal-scanning pattern, which crosses the center of the sample to facilitate entire 3D scans. 3D
images could be constructed from a small number of two-dimensional OCT images acquired using
the diagonal-scanning technique. To demonstrate the usefulness and performance of the developed
system with the handheld probe, /n vivo tympanic membranes of humans and animals were
imaged in real time.
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1. INTRODUCTION

The acousto-mechanical transduction process of hearing is delivered through a complicated
anatomical structure. The middle ear consists of the tympanic membrane (TM), ossicles, and
the middle ear cavity. The main role of the middle ear is to convert external acoustic signals,
which are collected from the external auditory canal, into a mechanical vibration signal.
However, when these fine structures are exposed to the external environment, bacterial
infections can occur, and can result in structural damage [1]. Damage from otitis media
(OM) is the main cause of conductive hearing loss, and hearing loss is currently classified as
one of the three most common critical illnesses (hearing loss, heart disease, and arthritis) [2].
The TM is the first site to examine for the presence of any ear-related diseases, and the
human TM has a diameter of approximately 7-10 mm. Widely accepted diagnostic methods,
such as otoscopy and endoscopy, can only image the surface layer of the TM [3,4]. In recent
years, optical coherence tomography (OCT) has been actively performed in the ear, nose,
and throat as a diagnostic technique for the identification of various diseases, since it is
capable of tomographic imaging [5-8]. OCT is a noninvasive, high-resolution (1-15 um),
and depth-resolved cross-sectional imaging technology that performs low-coherence
interferometry utilizing light from a near-infrared wavelength-range light source [9-11].

OCT imaging is commonly performed by transversely scanning a focused optical beam
linearly across the tissue, and that has been used in various fields [12,13]. In
otorhinolaryngology, the correlation of the scanning angle and the physical distance between
the sample and the scanning mirror are important. This is particularly important when
imaging the TM because the scanning range is limited to 2-3 mm as a result of the distal
exit diameter of the ear speculum tip and the ear canal. Due to these technical constraints,
imaging the entire TM is challenging, and it may decrease the reliability of the diagnostic
evaluation. Furthermore, these scanning methods require a large amount of two-dimensional
(2D) data, which reduces the system acquisition and display rates. When these system rates
are reduced, it subsequently becomes difficult to obtain reliable three-dimensional (3D)
images, because of the image artifacts associated with the movement of both the patient and
operator [14].

In this paper, a diagonal-scanning probe for TM imaging and OM diagnostics using a relay
lens configuration is proposed. It is found that implementation of the diagonal-scanning
method improves the size of the scanning area by approximately 3.5 times compared to that
of a linear scanning system without a relay lens. Further, the diagonal-scanning method
significantly improves the data acquisition rate, as the sampling numbers are reduced by at
least two times compared to those of conventional rectangular raster-scanning methods.
Moreover, the motion artifacts were minimized by implementing the Compute Unified
Device Architecture (CUDA) process, which enhances the image acquisition speed.

2. MATERIALS AND METHOD

A. Instrumentation

A schematic diagram of the spectral domain (SD)-OCT system is shown in Fig. 1(a). A 12-
bit complementary metal-oxide semiconductor (CMOS) line scanning camera (Sprint
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spL4096-140 k, Basler AG) with a 70,000-line/s effective line rate at a 4,096-pixel mode
was used as the detector in the SD-OCT system. The spectrometer was calibrated following
a method reported by Jeon ef a/. [15]. Combined with a super-luminescent diode (SLED; A,
=850 nm, A\ = 65 nm; Superlum) as a light source, B-mode scanning was performed using
a two-axis galvanometer scanner (GVS002, Thorlabs) at the back focal plane of the
objective lens in the sample path.

The parameter angle, lateral resolution, scanning range, and tip size were considered in the
probe design. Figure 1(b) shows the design of the lens combination, which uses a relay lens
and a focusing lens to obtain a wide scanning range. The collimated beam from the
galvanometer scanning mirrors was directed through the relay lenses (Lens 1 and Lens 2) to
the focusing lens (Lens 3). The scanning angle between the end of the scanning range and
the central point is represented by 6. The probe was designed to have a lateral resolution less
than 15 zm and a scanning range more than 7 mm. To achieve these parameters, the lateral
resolution and the scanning range were simulated by varying the length of the focal length of
Lens 1 (f1) and the Lens 3 focal length (f3). The focal length of each lens affects the lateral
resolution, scanning angle, and beam size. To simplify the simulation, a ratio of f3 to the
Lens 2 focal length (f2) was applied instead of using the f2 and f3 values separately.

B. Simulation

Figure 1(c) shows the lateral resolution values with respect to the ratio of f2 to f3 for f1
values of 10, 20, 30, and 40 mm. The lateral resolution of the system increased when f1 was
reduced and the ratio of f3 to f2 was increased. However, due to the length limitation
between the scanning mirror and Lens 1, f1 was finally fixed at 20 mm. The incident beam
size of the collimator was assumed to be 1.5 mm. To miniaturize the probe and to obtain a
15 pm lateral resolution, the ratio of f3 to f2 was set to 1.5.

Figure 1(d) shows the maximum scanning range with respect to propagation without light
loss. From the numerical calculations, the optimum f3 to achieve a scanning range of 10 mm
was 30 mm. However, f3 was set to 50 mm owing to the limitation imposed by the ear canal
length and the speculum tip diameter. Therefore, the maximum scanning range and angle
were extended to 7 mm and 4°, respectively.

By considering the probe design as well as the results of the above simulation, f1 was set to
20 mm. In addition, f2 and f3 were set to 35 mm and 50 mm, respectively, yielding a ratio of
1.5 between f2 and f3. The given parameters (f 1:20 mm, ratio of f3 to f 2:1.5) were used to
calculate 3, considering the ear specula tip and the distance of the TM from the system.

In many OCT applications, image acquisition is performed using a stable beam-delivery
system on a stably positioned sample. Thus, 3D image acquisition can be readily performed
using a standard raster-scanning method. However, for the system developed in this study,
images are acquired using a handheld probe, and the biological tissue (e.g., the middle ear
and TM) cannot be easily stabilized during longer periods of image acquisition.
Accordingly, 3D image acquisition of the middle ear using raster scanning is not as reliable
or accurate, as the initial position of the 3D scanning data can be easily misregistered due to
the movement of the handheld probe or the human body. However, using the radial-scanning
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method proposed here, the exact center point of the diagonal scans can be readily fixed to a
particular target point on the TM, and can be maintained during diagonal scanning. This
target point should be considered as the center of the cylindrical volume of image data. If a
change in this central target point is detected, a mismatch between the exact center point and
the scanned data, due to motion artifacts, can be easily identified. Thus, the diagonal-
scanning method (which resembles spokes on a bicycle wheel) is more effective and reliable
than the rectangular raster-scanning method, as motion artifacts affecting the accuracy of the
raster-scanning method cannot be readily identified owing to the absence of a center target
point within the image data. In this study, it is confirmed that motion artifacts are minimized
with the use of this center target point. Therefore, 3D images with less motion artifact can be
acquired. This diagonal-scanning method is also more efficient when time-consuming 3D
scanning is performed, because the path of each cross-sectional B-mode image always
crosses the center of the sample in diagonal scanning. Also, the diagonal-scanning method
can reduce the number of B-scan images, though we sacrificed lateral resolution by
decreased sampling number, and decrease the required scanning time for volume acquisition.
With an imaging acquisition and display speed of 100 fps from our GPU-based system, real-
time 3D imaging is practical [16]. Combined use of the diagonal-scanning method and the
GPU-based system have the benefits of both, enabling 3D volume imaging and reducing the
motion artifacts associated with 3D volume acquisition.

3. RESULTS AND DISCUSSION

Figure 2 shows an /in vivo image of a human TM, with a 2-mm image taken using the
conventional rectangular raster-scanning method and a mounted charge-coupled device
(CCD) camera, and a 7 mm wide-field image obtained using the diagonal-scanning method.
The inset images in the square boxes in the bottom part of Figs. 2(a) and 2(b) are of a ruler
indicating the real scanning range; each black pair represents 0.5 mm. In addition, the
geometric distortion artifact arising due to the nontelecentric scanning of the sample was
corrected through indexing, so as to flatten the curved part of the distorted image. The
imaging area was increased to obtain further lateral information about the TM of the human
middle ear. Figure 2(c) shows OCT and camera images of adhesive OM, with the latter
being taken using the CCD camera built into the handheld probe, while Fig. 2(d) shows OCT
and CCD camera images of a case of chronic OM. Each image, with a size of 1024 x 500
pixels, was acquired in real time in 10 ms.

Figure 3 shows /n vivo OCT and CCD images of a perforation in a human TM. From the 3D
volumetric OCT data, 2D cross-sectional OCT images are extracted and shown in Figs.
3(c)-3(e). The green circle in Figs. 3(a) and 3(b) represents the diagonal-scanning range,
while the green dotted arrows indicate the 0°, 45°, and 90° scanning directions. Diagonal
scanning for 3D acquisition is conducted in a clockwise rotation, according to the indicated
angle values. Each diagonal scan produces a cross-sectional B-mode image and each scan is
oriented radially at 0.72° separation. The positions used for Figs. 3(a) and 3(b) are indicated
by the lines in each 2D image on the abnormal TM [Figs. 3(c)-3(e)].

Figure 4 demonstrates a comparison between the scanning ranges on guinea pig TM images
ex vivo. The system was verified by acquiring images of a normal and a perforation guinea
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pig TM. Figures 4(a) and 4(b) are 3D volumetric images of the guinea pig TM, which are
rendered in two different ranges. Figure 4(a) shows the 3D volumetric image obtained using
the conventional system with a scanning range of 2 mm. Figure 4(b) is the rendered 3D
volumetric image using the proposed wide-field OCT system with a scanning range of 7
mm. The visualization of the entire region of the TM verifies the enhancement of the
proposed method compared to the conventional method. Figures 4(c) and 4(d) depict the
normal and perforation TM regions. The volumetric image of the normal TM can be
identified in Fig. 4(c) and the cochlea can be seen underneath the TM. Figure 4(d) represents
the perforation TM. The exact location and the size of the perforation can be identified
through the image. It is evident that the larger 7 mm scan range provides a more
comprehensive view of the TM for identifying pathological features and making a diagnosis.

4. CONCLUSION

In conclusion, we have reported the development of a wide-field OCT probe that utilizes a
diagonal-scanning scheme for 3D /n vivo imaging of the human TM. The handheld probe
consists of a relay lens to enhance the lateral scanning range up to 7 mm. The obtained
simulation results and the ruler image captured with the new probe confirms a 3.5-fold
lengthening of the lateral scanning range, from 2 to 7 mm. The diagonal-scanning method
can be used to reduce motion artifacts that occur when handheld probes are used, because
each individual B-mode image crosses the center of the sample when 3D scanning is being
conducted. It is possible to construct a 3D image using only half the number of 2D OCT
images acquired through diagonal scanning, compared to raster scanning. Subsequently, the
3D image reconstruction time can be halved by reducing the number of samples from 500 to
250. To demonstrate the usefulness and performance of the developed system with the
handheld probe, human and animal TMs were imaged /7 vivoand in real time. The diagonal-
scanning method can be beneficial with regard to any handheld OCT probe, as it reduces
motion artifacts; it also has advantages for 3D scanning, as it reduces the number of scans
required for reasonable image quality. In the future, this diagnostic tool for otolaryngology
may be further improved by implementing micro-electromechanical system (MEMS)-based
scanners in these handheld probes, as in earlier designs [17], by adding depth-color mapping
methods to the 3D data, by rendering results with automated disease detection algorithms,
and by demonstrating the value of these technologies in various clinical trials.
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Fig. 1.

(a) Schematic diagram of the spectral domain (SD)-OCT system. (b) Schematic of the OCT
probe based on a relay lens and 3D reconstructions according to sampling numbers (64, 128,
256). (c) Simulated lateral resolutions for the OCT as a ratio of the focal length of Lens 3
(f3) to the focal length of Lens 2 (f2); each colored line shows the value of the focal length
of Lens 1 (f1). (d) Simulated scanning range according to the scanning angle (6) from the
center of Lens 3 to the edge of the specula tip for different f3. The red lines indicate a
limited angle. Abbreviations: CL, collimator; DC, dispersion compensation unit (hardware-
based dispersion compensation unit was connected to the reference arm path to compensate
the dispersion); DG, diffraction grating; FC, fiber coupler; GS, galvanometer scanners; L,
lens; LSC, line-scanning camera; ML, magnifier lens; M, mirror; OL, objective lens, CCD,
charge-coupled device, FL, focal length, PC, polarization controllers; RL, relay lens; ST,
specula tip; SLED, superluminescent diode.
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2D in vivo OCT images of a human TM, with (a) a 2 mm scanning range using the
conventional linear scanning method, and (b) a 7 mm scanning range using the wide-field
OCT probe. The images shown at the lower right corners in (a) and (b) represent camera
images and cross-sectional images of a metal ruler. OCT and CCD camera images of an
adhesive OM and a chronic OM are shown in (c) and (d), respectively.
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Fig. 3.
In vivo TM image of perforation patient using diagonal scanning. (a) A CCD camera image

and (b) a 3D image of a perforated TM. Two-dimensional (2D) cross-sectional OCT images
are shown in (c)—(e).
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Fig. 4.
3D volumetric OCT reconstructions of guinea pig TM images. Images taken using (a) a 2

mm scanning range and the conventional 3D raster-scanning system, and (b) a 7 mm
scanning range and the wide-field OCT probe, with (c) a normal and (d) a perforation.
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