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Abstract

Background: Currently, high-speed digital imaging (HSDI), especially endoscopic HSDI, is routinely used for the diagnosis
of vocal cord disorders. However, endoscopic HSDI devices are usualy large and costly, which limits access to patients in
underdevel oped countries and in regions with inadequate medical infrastructure. M odern smartphones have sufficient functionality
to process the complex calculations that are required for processing high-resolution images and videos with a high frame rate.
Recently, several attempts have been made to integrate medical endoscopes with smartphones to make them more accessible to
people in underdevel oped countries.

Objective: This study aims to develop a smartphone adaptor for endoscopes, which enables smartphone-based vocal cord
imaging, to demonstrate the feasibility of performing high-speed voca cord imaging via the high-speed imaging functions of a
high-performance smartphone camera, and to determine the acceptability of the smartphone-based high-speed vocal cord imaging
system for clinical applicationsin developing countries.

Methods. A customized smartphone adaptor optical relay was designed for clinical endoscopy using sel ective laser melting—based
3D printing. A standard laryngoscope was attached to the smartphone adaptor to acquire high-speed vocal cord endoscopic images.
Only existing basic functions of the smartphone camera were used for HSDI of the vocal cords. Extracted still frames were
observed for qualitative glottal volume and shape. For image processing, segmented glottal and vocal cord areas were calculated
fromwhole HSDI frames to characterize the amplitude of the vibrations on each side of the glottis, including the frequency, edge
length, glottal areas, base cord, and lateral phase differences over the acquisition time. The device was incorporated into a
preclinical videokymography diagnosis routine to compare functionality.

Results: Smartphone-based HSDI with the smartphone-endoscope adaptor coul d achieve 940 frames per second and aresolution
of 1280 by 720 frames, which corresponds to the detection of 3 to 8 frames per vocal cycle at double the spatial resolution of
existing devices. The device was used to image the vocal cords of 4 volunteers: 1 healthy individual and 3 patients with vocal
cord paralysis, chronic laryngitis, or vocal cord polyps. The resultant image stacks were sufficient for most diagnostic purposes.
The cost of the deviceincluding the smartphone was|ower than that of existing HSDI devices. Theimage processing and analytics
demonstrated the successful cal culation of relevant diagnostic variablesfrom the acquired images. Patientswith vocal pathol ogies
were easily differentiable in the quantitative data.
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Conclusions:
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A smartphone-based HSDI endoscope system can function as a point-of-care clinical diagnostic device. The

resulting analysis is of higher quality than that accessible by videostroboscopy and promises comparable quality and greater
accessibility than HSDI. In particular, this system is suitable for use as an accessible diagnostic tool in underdevel oped areas with

inadequate medical service infrastructure.

(JMIR Mhealth Uhealth 2021;9(6):€25816) doi: 10.2196/25816
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Introduction

The endoscope enables optical visualization of internal organs
andisafundamental diagnostic devicein clinical fields; unique
properties of endoscopic systems are indispensable in
diagnostics[1], biopsy [2], and minimally invasive surgery [3].
To acquire more accurate and specific diagnoses, endoscope
systems have been devel oped with higher resolution [4], greater
imaging speed [5,6], quantitative image analysis [7,8], and
higher performance. With these advantages, endoscopy is now
considered to be an essential procedure for avariety of clinical
applications, including clinical voice evaluation.

Imaging of vocal cord vibrations is one of many techniques
used for clinical voice assessment. It iscommonly accepted that
vocal cord vibration irregularities strongly correlate with voice
disorders. However, since the frequencies of voca cord
vibrations are approximately 80-240 Hz, standard
videostroboscopy at 60 frames per second (fps) does not permit
the capture of vocal cord movement aside from stable and
periodic states [9-11]. Alternative methods have been studied
to overcome the limitations of videostroboscopy for imaging
vocal cord vibrations. The most promising approach is
high-speed digital imaging (HSDI) [12], which typically
captures images between 4000 and 8000 fps [13]. The high
frame rate of HSDI alows for the capture of vocal vibrations
from 80-240 Hz, which cannot be observed in standard 60 fps
imaging systems. Furthermore, HSDI provides a sufficient
resolution of more than 256 x 256 pixels [14]. Although the
resolution is hardly comparableto that of HD (high definition),
it is sufficient for medical analysis. Use of HSDI for clinical
voice evaluation has been extensively demonstrated [10,15,16].
However, despite several advantages, HSDI is not widely used
in clinical diagnosis because systems with better performance
than laryngostroboscopy are generally expensive, require
specialized technology, and have large data footprints [13].

Endoscopic diagnosis is mostly inaccessible for patients in
underdeveloped and devel oping countries. Indeed, even in the
most developed and well-equipped hospitals in Nigeria, there
may be only one functional gastroscope and/or colonoscope,
for which the accessories are often deficient. Furthermore, the
majority of the teaching hospitals in Nigeria have no facilities
for therapeutic endoscopy [17]; thisleadsto alack of experience
in endoscopy for medical students, which can lead to
unsatisfactory or even fatal endoscopy procedures. Furthermore,
more serious issues, including inadequate maintenance,
cross-infections, and insufficient performance of devices, have
also been found in developing countries. In facilities with
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insufficient endoscopic gastroscope and  colonoscope
accessories, HSDI devices are difficult to furnish because of
their high cost and additiona technology requirements. This
serioudly restricts clinical voice evaluation in underdevel oped
countries since HSDI has become an important part in the
diagnosis of voice disorders. Aswith many problemsregarding
endoscopy in developing countries, affordable and more
manageable endoscopic HSDI systems are urgently required.

Several point-of-care diagnostic devices have been invented in
response to the demand in developing and underdevel oped
countries. Prior to the age of integrated electronics, handheld
point-of-care deviceswere largely restricted to diagnostic strips,
which relied heavily on color changes due to chemical reactions
[18]. With the ubiquity of smartphones, the rate of invention of
electronic point-of-care devices has drastically increased.
Modern smartphones offer acomputing performance comparable
to that of personal computers, and imaging quality similar to
that of professional camera devices. Consequently, there have
been many attempts to use smartphones for point-of-care
diagnosis. For example, smartphone cameras can be used to
distinguish resaction intensities, and several smartphone
attachments have been introduced for biological analysissimilar
to that performed by enzyme-linked immunosorbent assay
(ELISA) [19], fecd hemoglobin detection [20], and
electrochemical monitoring of blood contents [21]. This
represents an evolution of traditional point-of-care strip
diagnosis, in which asmartphone can be used to distinguish the
intensity of a biological reaction. Other proposed applications
of the smartphone camera for point-of-care diagnosis include
clinica microscopy,  endoscopic  imaging,  video
nasol aryngoscopy, flexible robotic endoscopy, etc [22-28].

In this study, we introduce a smartphone-based endoscopic
imaging device and validate its imaging performance relative
to videostroboscopy and HSDI. The smartphone adaptor was
designed and manufactured using 3D design software and
selective laser melting (SLM)-based 3D printing. This
customized smartphone adaptor for the endoscope has minimal
and low-cost optical components for easy maintenance and
control. Unlike previous studiesthat only used smartphonesfor
acquisition of regular images and videos, in this study, the
specialized high-speed imaging function of the smartphone was
applied for HSDI of vocal cord vibrations. With this
functionality, high-speed vocal cord videos were acquired at
940 fpsfollowing standard clinical protocolsand analyzed using
postprocessed imaging techniques such as segmentation and
registration to simplify diagnosis. The resultant images are
guantitatively more revealing than videostroboscopy, and

JMIR Mhealth Uhealth 2021 | vol. 9| iss. 6 | 25816 | p. 2
(page number not for citation purposes)


http://dx.doi.org/10.2196/25816
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH

approach the quality of HSDI due to their high resolution and
frame rate. In preclinical image analysis, several diagnostic
variables were determined likely to assist in the diagnosis of
common vocal cord pathologies. This custom simple, low-cost
adaptor promises to reduce the cost of high-speed clinical
imaging by an order of magnitude when it can be used as a
substitute for standard HSDI. The device demonstrates the
promise and emerging capabilities of clinical diagnostic tools
that incorporate commodity smartphone technology to bring
point-of-care diagnosis to remote locations.

Methods

Development of a Smartphone-Adapted Endoscope

A smartphone adaptor was developed for use in clinica
endoscopy (Figure 1) with a standard 70° rigid laryngoscope
(Karl Storz Co). The adaptor consists of a smartphone holder,
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lenses, a lens tube, and mounts for the lens tube and for
connection to the endoscope. The holders and connectors were
designed using 3D modeling software (Solid Works) and printed
by an SLM 3D printer (Objet260, StratasysLtd). A lens system
was used to magnify the endoscope probe eyepiece image
between the endoscope eyepiece and the smartphone camera
and was held by 3D-printed parts. To make the system more
cost-effective, a combination of 2 biconvex lenses was used
instead of expensive achromatic lenses for magnification of the
endoscopic image. The focal lengths of the 2 biconvex lenses
were 50 mm and 15 mm, respectively; this optical setup could
acquire images with approximately 1.5x magnification.
[llumination was coupled into the illumination port on the
endoscope. For endoscopic illumination, we used a broadband
(360-770 nm) LED light source (X-Cite XYLIS, Excelitas
Technologies Corp), which was connected to the illumination
port of the endoscope with aliquid light guide.

Figure 1. Schematics of a customized smartphone-endoscope adaptor that enables high-speed laryngoscopy. (A) Smartphone camera and body
specifications. (B) A photograph of the demonstrated smartphone adaptor incorporating a rigid clinical endoscope. (C) 3D models of the customized
smartphone-endoscope adaptor. (D) Cross-sectional view of the customized smartphone-endoscope adaptor. (E) Schematic and lens simulations of the

magnification lens system. AF: autofocus, FOV: field of view.

a) Camera Specifications
Wide-angle chip

Super Speed Dual Pixel 12MP AF sensor
* Sensor size: 1/2.55"

* Pixel Size: 1.4pm

* Sensor ratio: 4:3

FOV: 77°

Dual Aperture: F1.5 mode/ F2.4 mode

3.01" 0.35"

b)

Body Specifications
Dimension 6.37 x 3.01 x 0.35 inch
Screen Size : 6.4 inch

Weight : 7.09 Oz

A specific smartphone model (Galaxy Note 9, Samsung) was
used to capture endoscopic images at a high frame rate. The
catalog specification provided by the manufacturer of the
smartphone claims that this specific smartphone model can
acquire high-speed images at 960 fps, for amaximum duration
of 0.4seconds, at 1280 x 720 pixel resolution [29]. The
complementary metal-oxide-semiconductor sensor of the
smartphone is specified for 12.0 megapixels (MP) and 1/2.55
inches (1.4 pm pixel size), and is packaged with adual aperture
mode.
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Statistical and Data Analysis

The acquired high-speed vocal cord vibration images were
segmented using the seeded region growing algorithm [30] to
determine the amplitude of the vibrations on each side of the
glottis [31]. Image anadlysis software was developed in
MATLAB (MathWorks) to calcul ate the diagnostic parameters,
including the vocal cord vibration frequencies, glottal edge
phase shifts, and total glottal area changes.

Clinical Experiment

The devel oped smartphone-based imaging system was used to
acquire a high-speed video of the vocal cords of 4 human
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subjects—1 healthy individual and 3 patients with known vocal
pathologies. A board-certified otolaryngologist at Asan Medical
Center with 15 years of experience followed common
videokymaography routines[11] to capture high-speed diagnostic
videos in a clinical environment (Figure 2). The routine vocal
cord examination was asfollows: thefirst step wasto interview

Kimet al

the patient and assess their symptoms and voice status, and the
second step was videostrobolaryngoscopy or videokymography
with an endoscope. Depending on the patient’s condition,
additional tests such as computed tomography (CT) scansor a
blood test may be required.

Figure 2. (A) A schematic representation of laryngeal imaging performed by the smartphone-based high-speed imaging system. (B) A clinica

demonstration of the smartphone-based high-speed imaging system.

Before imaging human subjects, the smartphone-based HSDI
system was adapted to the clinical endoscope by adjusting the
fine focus and fixing the endoscope in place. Following
confirmation that the received images were clear and focused,
the clinician performed routine vocal cord evaluation using the
endoscope-smartphone device. When the diagnosisroutine was
completed, the endoscope probe was wiped with a disinfectant
to avoid cross-contamination between human subjects[32]. The
whole procedure took less than a minute, thus avoiding undue
burden on volunteers.

The study was approved by the Institutional Review Board (IRB
#2020-0798) of Asan Medical Center, Seoul, under the Korean
Bioethics and Safety Act and the Korean Medical Device Act.

Results

System Char acterization

The US Air Force resolution target was used to evauate the
imaging performance of the smartphone-endoscope system
(Figure 3A). The distance between the end of the endoscope
probe and the resolution target was adjusted from 15 mm to
30 mm in order to determine the proper optical field of view
(FOV) and resolution. At the highest resolution, the system
resolved 23 line pairs per millimeter (Ip/mm), which
corresponded to 43.478 um at a working distance of 15 mm.
The resolution of the system was observed to decrease as the
working distance was increased. In addition, the optical FOV
was 7.8 mm x 7.8 mm at a 15 mm working distance, and 14.6
mm x 14.6 mm at a 30 mm working distance; thus the optical
FOV increased approximately linearly with the working distance
(Figure 3B).

Figure3. (A) USAir Force target test image taken at 960 fps. (B) A graph of the measured image resolution and field of view as functions of working

distance.

a) b)
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A custom frame rate test was designed to confirm the video
frame rate of the customized high-speed system. An optical
chopper wheel was used to create a time-dependent moving
sample of known frequency. Two quadrants of a 4-quadrant
optical chopper wheel mask were optically blocked, and the
other 2 quadrants were | eft transparent as shown schematically
in Figure 4. While the light source provided illumination from
the endoscope, high frame rate videos were acquired with the
optical chopper wheel rotating at 10 Hz. The acquired high
frame rate videos were analyzed by image processing in
MATLAB, as light reflected from the chopper wheel was

Kimet al

captured by the high-speed imaging system. The total intensity
of light reflected from the 2 quadrants of the chopper wheel
resulted in a series of image frames with a periodically
modulated intensity signal that could be plotted frame by frame.
The period of intensity modulation was calculated as the time
interval between frames with peak intensities and was equal to
half the rotational period of the optical chopper; this was
measured to be 46.972 frames. Since the optical chopper was
rotating a 10Hz, the duration of a half-rotation was
0.05 seconds; therefore, the actual frame rate of the smartphone
was 939.44 fps.

Figure 4. (A) Schematic of the system for high-speed imaging assessment. (B) Image series acquired over 50 frames. (C) A plot of the total image

intensity by chopper wheel rotation. PC: personal computer.
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Clinical Vocal Cord Vibration HSDI

The obtained HSDI vocal cord vibration videos were taken
through aclinical diagnosis process. The results are presented
in Figures 5 and 6. As depicted in Figure 5, the 940-fps HSDI
video obtained from the clinical experiments was segmented
into vocal cord area and glottal area for further analysis; this
allowed us to obtain the parameters of the vocal cord with the
largest contribution to clinical diagnosis. The parameters
obtained from the vocal cord vibration HSDI dataincluded the
base vibration frequency of the vocal cord, the difference
between the left glottal area and the right glottal area, and the
total glottal area.

As shown in Figure 5, the data were obtained from the healthy
subject, and patients with left vocal cord paralysis, chronic
laryngitis, and right vocal cord polyp. The origind RGB
(red-green-blue) color image data were converted to grayscale,
and the contrast was adjusted for glottal area segmentation using
MATLAB. The seeded region growing method [30] was used
to segment the glottal area from the image processed data. In
addition, the anatomical midline of the vocal cord was drawn,
after consultation with a clinician, to divide the left and right
glottal areas.

The segmented glottal areaswere analyzed in order to determine
any differences between the data of the healthy subject and
those of patients. From healthy subject data, normalized total

https://mhealth.jmir.org/2021/6/e25816
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glottal area changes are shown in Figure 6A. Using the fast
Fourier transform, we were able to remove motion error and
extract the base frequency of the healthy voca cord. The
fundamental frequency of the healthy subject, a 24-year-old
female, was 224 Hz. The average fundamental frequency of
adult females of this age is reported to be similar, at around
217 Hz [33]. Figure 6B shows the normalized total and lateral
(left and right) glottal areachangesin thevocal cords of apatient
with left vocal cord paralysis. These data show that the
amplitudes of the left vocal cord vibrations are significantly
lower than those of the right vocal cord. The normalized total
and lateral glottal areas of the patient with chronic laryngitis
are shown in Figure 6C. Although the maximum amplitudes
are similar to those of the healthy subject in both vocal cords,
the minimum amplitude of each cycle differs from those of the
healthy subject. The minimum amplitude value of each cycle
in the healthy subject had amost zero area; thisis because the
vocal cord closes completely when the vocalizations are
generated in a healthy subject. However, in the patient with
chronic laryngitis, the minimum glottal area was larger than
that in the healthy subject, because in chronic laryngitis the
vocal cords do not close completely as sound is generated.
Figure 6D shows the normalized total and lateral glottal areas
for the vocal cords of a patient with a polyp on the right vocal
cord. In this case, the vibrations of the right vocal cord were
restricted by the polyp; therefore, the vibration amplitude of the
right glottal areaislessthan that of theleft glottal area. Similar
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to chronic laryngitis, the patient with the right vocal cord polyp  phenomenon is caused by imperfect closure of the vocal cords
had much larger minimum areas than the healthy subject; this dueto the polyp.

Figure 5. High-speed images of the glottis and their segmentation. Raw vocal cord image (left), preprocessed image for segmentation (center), and
area of the normal vocal cord by image segmentation (right). (A) The glottis of a healthy volunteer. (B) Images taken from a patient with left vocal cord
paralysis. (C) Vocal anaysis from a patient with chronic laryngitis. (D) Images from a patient with aright voca cord polyp.

b)

d)
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Figure 6. Plots of the normalized total glottal area (Ieft) and a comparison of the normalized left and right glottal areas separated by the anatomical
midline of the glottis over the course of a 0.4-second video at 940 fps (right) plotted for each patient: (A) normal healthy subject, (B) patient with left
vocal cord paraysis, (C) patient with chronic laryngitis, and (D) patient with right vocal cord polyp.

a) Normal total glottal area change

='1]

S

Normalized glottal area

0 10 20 30 40 50 60 70 80
Frames

Left vocal fold paralysis total glottal arca change

208
E|
=
= 0.6
=
E 0.4
E
=z
0.2
0
0 1m0 20 30 40 50 60 70 80
Frames
c) . o
Chronic laryngitis total glottal area change
208
K|
s
0.6
=
g 0.4 |
]
4
0.2
0
0 mn 20 30 40 S0 a0 70 80
Frames
d] Right vocal cord polyp total glottal arca change
Bos
E
]
?l?“'{'
£
=04
o
0.2
0
0 10 20 30 40 50 &0 T0 R0
Frames

Discussion

a0

90

90

a0

100

100

100

100

Principal Findings
Although many point-of-care devices have been developed
based on smartphone systems, the full use of smartphone

capabilities has been

limited. Most smartphone-based

point-of-care systems use chemical reactions of bodily fluids,
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including blood, saliva, sweat, and urine [18,34-36], and usage
of smartphone functionalities are restricted to recognition of
color changes or receiving electric signals generated by
biochemical reactions. Most point-of-care devices are invasive,
require bodily fluids, and their methods have limited
applicability for noninvasive diagnostics. In these cases, the
function of the cameraiis restricted to basic image acquisition
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[34]. Another way to integrate the smartphone into a
point-of-care device would be by using the built-in functionality
of a smartphone. Recently, consumer demand has resulted in
rapid upgrades to embedded smartphone camera technology,
resulting in unique functionality that can be incorporated into
aspecial purpose imaging device.

Although commercialized HSDI devices enable unparalleled
diagnoses, they also have several limitations. Their high cost
and need for additional connection to video transmission
processors like PCl-e (Periphera Component Interconnect
Express) frame grabbers make their application difficult for
users in underdeveloped countries. In comparison, our
smartphone-based HSDI system combines a printed
endoscope-smartphone adapter and alow-cost commercial lens,
demonstrating that even with low-cost components, itispossible
to acquire high-speed digital images of vocal cord vibrations
with existing clinical endoscopes.

Normally, images of vocal cord vibrations obtained by HSDI
are postprocessed before being used in actual clinical practice.
First, masking areas are drawn manually by the clinician, and
the area is then plotted or processed for clinically relevant
parameters. Whilethisistraditionally performed by examining
a series of individua frames superimposed on a laryngeal
paralysis stroboscopic recording, or digital kymograms
superimposed on wavefronts[37-39], modern computing makes
it possible to extract glottal areas frame by frame using
semiautomated image segmentation. Asaresult, the vocal cord
areas and the glottal areas are divided and segmented as shown
in Figure 5A. The clinical diagnostics obtained by the above
process are the base cord and lateral phase difference of the
vocal cord. The base cord is defined as the amount of change
in the area of the entire glottal region, while the lateral phase
differenceis defined asthe amount of changein the edge length
of the left and right glottal areas[40].

The patient data obtained from our device made it possible to
identify some well-known differences between patients with
voice pathol ogies and the healthy subject. These results suggest
that the smartphone-based HSDI equipment has the potential
to be used to diagnose various voice diseases.

We first obtained clinical control data from a healthy female
volunteer. The fundamental frequency appeared to be 224 Hz,
which is similar to the average voca cord fundamental
frequency of adult females in this age range, which has been
reported to be 217 Hz [33]. Although typical HSDI guidelines
cal for 7 to 10 frames per vibrationa period, in this
demonstration vocal cord period, amplitudes at normal speaking

https://mhealth.jmir.org/2021/6/e25816
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frequencies were successfully captured with 3- to 4-fold frame
rates, demonstrating the suitability of thistechnology for clinical
diagnostics.

Severd clinically relevant featuresthat differentiated the healthy
control from the patients with voice pathologies were
successfully observed. Asshownin Figure 6, diagnosisof glottal
pathol ogies can be easily obtained from plots of the vocal cord
areas as calculated by segmentation of the glottal area in the
images. In all patients, vocal impairments were shown by the
limited amplitude of glottal vibration. In the patient with the
one-sided vocal cord paralysis, the diagnosis presented as
severely limited vibrational amplitude on one side, while chronic
laryngitis presented with limited closure of the vocal cords. A
polyp on one side of the focal cord displayed both limited
closureand limited vibrational amplitude. Although our system
does not achieve the high frame rate of clinical
videokymography [37], the data analysis achieved from a 0.4
second clip iscomparablein quality to that of videostroboscopy
[38,41], capturing phase shifts of vibration, amplitude,
vibrational asymmetry, and characteristic immobilization for
diagnosis.

Commercially available HSDI systems, as shown in Table 1,
have list prices of more than $10,000, and require installation
of PCI cards to acquire an image series. Conversely, the
smartphone-based HSDI system devel oped in this study can be
configured for less than $500, which includes manufacturing
of all 3D-printed partsand lens optics. The manufacturing costs
of plastic parts could be further reduced by mass production.
Furthermore, no additional connection interfaces are required
to capture video, since the video interface used is included in
the smartphone software. These cal culations exclude the price
of the smartphone, as smartphones are widely distributed in
underserved markets. However, even if specific models of
smartphone are required for smartphone-based HSDI systems,
the price of a new smartphone is significantly less than that of
astandard HSDI system. In addition, since smartphones can be
connected to both Wi-Fi and mobile internet, users can easily
transfer the captured video via wireless communication for
analysis in remote regions. In developing countries, large
hospitals may be significantly removed from the point of care,
and this mobility can help to distribute medical service more
equitably. Our system is simple and has intuitive maintenance
requirements; therefore, it is easier to educate medical students
in countries where medical schools are limited, athough
requirementsfor the cleaning of endoscopes complicatetraining
and distribution.
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Table 1. Comparison between acommercial high-speed digital imaging (HSDI) system and the smartphone-based HSDI system.

Characteristic Commercial HSDI system (FASTCAM MC2, Photron) Smartphone-based HSDI system

Framerate . 4000 fps « 940fps

Pixel count « 512x512 . 1280 x 720

Extra connection interface o  Gigabit Ethernet « USB3.0port

Price . >USD $10,000, excluding computer «  <USD $400, excluding smartphone

Size «  Camera 35 mm x 35 mm x 34 mm «  Smartphone: 76 mm x 162 mm x 9 mm
o Processor: 195 mm x 159 mm x 130 mm o Adaptor: 115 mm x 120 mm x 80 mm

Weight « Camera 100g «  Smartphone: 201 g

e  Processor: 5000 g
.« Total :5100¢g

o Adaptor: 295 g
. Total:49%¢g

In addition, the smartphone-based HSDI system has a higher
resolution than a traditional videostroboscope. Although the
main focus of HSDI is a high frame rate, higher resolution
enablesthe user to observe detail sthat can assist with diagnosis.
However, the advantages of mobility and price come with
trade-offs in the form of device performance. Due to the
limitations of the built-in smartphone functions, images can
only be acquired at a maximum of 940 fps, which is
considerably lower than that of the commercial HSDI system,
which can achieve 4000 to 8000 fps. Typically, thefundamental
vocal cord frequency for patients aged 17 to 25 years ranges
from 115-132 Hz for males and 200-260 Hz for females [33].
Therefore, the smartphone-based system only captures 3 to
8 frames per vibration cycle, whereas 15 to 34 frames would
be captured per vibration with the traditional HSDI. Thisframe
rate is sufficiently high to detect the tendency of changesin the
vocal cord area, but not sufficient to observe the details of each
vibration cycle. This restriction may omit the detail necessary
to diagnose certain conditions of the vocal cord. Therefore,
additional filtering is required for frequency analysis.

Furthermore, the limitation on image capture duration to only
0.4 seconds at atime resultsin some pitfallsfor clinical imaging,
asit may be necessary for clinicians to repeat imaging in order
to secure sufficient data for clinical evaluation. Although 0.4
seconds corresponds to 376 frames (47 vibrations), aclinician
may have to take several HSDI videos from the smartphone to
obtain sufficient data for analysis. Another drawback of the
smartphone-based HSDI system developed in this study is that

Acknowledgments

it requires a stronger endoscopic light source. As the
charge-coupled device of smartphone cameras has lower
photosensitivity than commercially available HSDI systems, a
normal endoscope light source would not yield quality data.
The stronger light source requires more power and can cause
heat dissipation to become a consideration in the design of the
device.

In the future, to overcome the aforementioned limitations, the
development of more compact and optically shielded adaptors
will be required. Emerging imaging solutions such as artificial
intelligence—based image processing and deep learning could
be applied to HSDI images of the voca cord to overcome
inadequate frame rates and acquisition times.

Conclusions

Recent advances in smartphone technology, particularly in the
domain of image sensors, have produced technology which
rivals the performance of existing commercia high-speed
cameras. Inthisstudy, weinvestigated whether the HSDI system
currently used for vocal cord assessment can be replaced to
some extent by using the high-speed video acquisition function
from asmartphone camera. In validating theimaging capabilities
of our smartphone-based high-speed endoscopy system against
existing HSDI technology, our results demonstrate that it is
possible to process clinical images for useful diagnostic
reference values of healthy subjects. Furthermore, the possibility
of disease diagnosis for actual patients was presented. Further
development of smartphone-based HSDI technology is necessary
to improve the distribution of health care capabilities.
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