
Citation: Kim, Y.; Choi, W.J.; Oh, J.;

Kim, J.K. Compact Smartphone-

Based Laser Speckle Contrast

Imaging Endoscope Device for

Point-of-Care Blood Flow Monitoring.

Biosensors 2022, 12, 398. https://

doi.org/10.3390/bios12060398

Received: 12 May 2022

Accepted: 7 June 2022

Published: 9 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biosensors

Article

Compact Smartphone-Based Laser Speckle Contrast Imaging
Endoscope Device for Point-of-Care Blood Flow Monitoring
Youngkyu Kim 1,† , Woo June Choi 2,† , Jungmin Oh 1 and Jun Ki Kim 1,3,*

1 Biomedical Engineering Research Center, Asan Institute for Life Science, Asan Medical Center,
Seoul 05505, Korea; limexce@gmail.com (Y.K.); mini1kr@naver.com (J.O.)

2 School of Electrical and Electronics Engineering, Chung-Ang University, Seoul 06974, Korea; cecc78@cau.ac.kr
3 Department of Convergence Medicine, College of Medicine, University of Ulsan, Seoul 05505, Korea
* Correspondence: kim@amc.seoul.kr; Tel.: +82-2-3010-8619
† These authors contributed equally to this work.

Abstract: Laser speckle contrast imaging (LSCI) is a powerful visualization tool for quantifying blood
flow in tissues, providing simplicity of configuration, ease of use, and intuitive results. With recent
advancements, smartphone and camera technologies are suitable for the development of smartphone-
based LSCI applications for point-of-care (POC) diagnosis. A smartphone-based portable LSCI
endoscope system was validated for POC diagnosis of vascular disorders. The endoscope consisted
of compact LED and laser illumination, imaging optics, and a flexible fiberscope assembled in a
3D-printed hand-held cartridge for access to body cavities and organs. A smartphone’s rear camera
was mounted thereto, enabling endoscopy, LSCI image acquisition, and processing. Blood flow
imaging was calibrated in a perfused tissue phantom consisting of a microparticle solution pumped at
known rates through tissue-mimicking gel and validated in a live rat model of BBN-induced bladder
cancer. Raw LSCI images successfully visualized phantom flow: speckle flow index showed linearity
with the pump flow rate. In the rat model, healthy and cancerous bladders were distinguishable in
structure and vasculature. The smartphone-based low-cost portable mobile endoscope for monitoring
blood flow and perfusion shows promise for preclinical applications and may be suitable for primary
diagnosis at home or as a cost-effective POC testing assay.

Keywords: endoscopy; point of care; smartphone; laser speckle contrast imaging; blood flow

1. Introduction

Over the years, the endoscope has proven to be an invaluable tool for primary diag-
nosis in modern medicine [1]. Endoscopes are routinely used in diverse medical fields,
such as gastroenterology, to visualize the hollow organ interiors of the body. The device
enables intuitive examination [2], minimally invasive surgery [3], and treatment [4] at
different cavity sites, which cannot be achieved by other diagnostic instruments. With
the growing attention to personal healthcare services, the demand for an endoscope for
point-of-care testing (POCT) has increased. POCT, also known as a near-patient test, refers
to medical testing performed at or near a patient’s location without sending a sample to a
hospital. It provides quick, simple, and inexpensive diagnostics with acceptable accuracy in
non-laboratory settings [5]. As a result, POCT technologies can improve diagnostic testing
accessibility in resource-constrained areas such as remote regions or patient homes. The
endoscope would be invaluable as a POCT tool. However, current clinical endoscopes are
unsuitable for field diagnosis because most endoscopes require peripheral equipment to
operate, such as a power supply, data-processing unit, and monitor. Portable endoscope
systems combining this equipment have been developed and used to examine cavities
in animals [6,7] and to evaluate the gastrointestinal tracts of human patients [8,9], which
demonstrated the potential of POCT endoscopy. However, these systems are not light
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enough to carry (approximately 8–9 kg) and are high-priced, necessitating the development
of a compact, easy-to-handle, and relatively low-cost endoscope system.

Owing to advancements in microprocessor technology, such as the central processor
unit (CPU) and cutting-edge image sensors, smartphones have been equipped with more
robust data processing and imaging performance [10–12]. For example, recent commercial
smartphone models support video recording at a camera speed of over 100 frames per
second (FPS) with full HD (1920 × 1080 pixels) or higher image resolution [13]. Due to
such features (rapid image acquisition, high-quality display), and additional hardware
improvements such as battery and data storage, smartphones have now become mobile
all-in-one computers, and therefore, they have been recently utilized as preferred devices
for mobile-based POCT. The smartphones have been readily combined with state-of-the-art
biosensing technologies such as microfluidic chips to generate moveable diagnostic and
monitoring systems for in situ medical testing [14–16]. Many attempts have also been made
to use smartphones for POCT endoscopic imaging. Simple smartphone integration with
existing endoscopes has been feasible for POCT purposes [17–19]. However, the use of
smartphones in endoscopy is mainly confined to simple bright-field observation [18,19].
Most recently, however, a few endoscopic studies have used its high-speed data acquisition
and data-processing capability for video analysis of patient vocal cords [20] or control of
the articulable endoscope system [21].

Laser speckle contrast imaging (LSCI) is a reliable interferometric technique for blood
flow imaging of biological tissue [22]. As a highly scattering tissue is illuminated by
coherent light, laser speckles as randomized interference textures are formed on the tissue.
The LSCI detects dynamic changes in the speckle signals caused by the blood flow to
generate a full-field map of blood vessels in the tissue [23]. Several advantages of LSCI, such
as fast vessel mapping, low cost (>90 USD), simplicity, ease of use, and high compatibility
with conventional microscopes make it the preferable tool for imaging tissue perfusion [24],
enabling researchers to monitor vascular changes in tissue lesions [25] or vascular responses
to the tissue under stimuli [26]. Recent developments in mobile healthcare have driven
smartphone use in LSCI for POCT [27,28]. Zhang et al. developed the first smartphone-
based portable LSCI device and successfully utilized LSCI on the human palm [15]. All
LSCI tasks (data capturing, processing, and display) were performed in real-time using an
OpenGL-driven algorithm embedded in the smartphone’s graphic processing unit (GPU).
However, no studies have applied the laser speckle imaging technique to mobile endoscope
systems. Combined with endoscopy, LSCI can offer additional blood perfusion information
and endoscopic images. This is useful for assessing internal tissue viability depending on
the blood circulation [29].

In the present study, we report the development of a smartphone-based portable
LSCI endoscope. To our knowledge, this is the first study to demonstrate both LSCI and
endoscopy in the body’s organ cavity by using a prototype mobile endoscope system. The
system performance was tested using tissue-mimicking phantom flow and a cancer model
in small animals. These outcomes suggest the feasibility of endoscopic POCT.

2. Materials and Methods
2.1. Implementation of Smartphone-Based Portable LSCI Endoscope Device

We developed a low-cost smartphone-based portable LSCI endoscope. Figure 1a
shows the 3D composition of our system, which is composed of two primary components:
a smartphone and an endoscope encased in a 3D-printed handgun-shaped holder. The inte-
rior of the endoscope is shown in Figure 1b. It is composed of a light source module (blue
box), fiberscope (red box), and lens unit (green box). In the light source module, a white
LED (600 nm at a central peak in the spectrum, 2 W) was used for bright-field endoscopy,
whereas a green laser diode (LD) (532 nm, 50 mW) was used as a coherent light source for
LSCI. Both were operated using battery-powered LED and LD drivers. The drivers were
controlled using an Arduino Nano Every microcontroller board (45 × 18 mm, 5 g), embed-
ded in the system with a Bluetooth module. The lens unit was made up of two achromatic
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lenses (L1 and L2) and an infinity-corrected 10 × objective (OBJ). L1 (f = 50 mm) and L2
(f = 3.1 mm) were relay optics used to deliver light from the OBJ to the focusing lens on the
smartphone camera. A thin fiberscope (Myriad Fiber Imaging Inc., Dudley, MA, USA) with
a flexible single-mode optical fiber bundle (FIGH-30-650S, 30,000 ± 3000 pixels, 35 mm
minimum bending radius, Fujikura Ltd., Tokyo, Japan) (see the inset of Figure 1b) was
used as an endoscopic probe for imaging. The probe was placed between the light source
module and the relay lens unit (Figure 1b). A pair of orthogonal linear polarizers (P1,
P2) was inserted in front of the LD and smartphone camera to reduce strong specular
reflection on the sample surface. This enabled the output beam from the light source to
illuminate the interior of the body cavity via the fiberscope. The optical power of the beam
irradiated at the tip of the fiberscope was 14 mW for LED and 1 mW for LD, corresponding
to 0.5 mW/mm2 and 0.035 mW/mm2, respectively. Lights scattered from the interior are
received by the fiberscope and transmitted to the relay lens unit. A commercial Android
smartphone (Google Pixel 4a, 128 GB, 1080 × 2340 pixels, 143 g, 2020) was mounted on the
endoscope using vertical and horizontal translation knobs to align the rear camera with the
relay lens unit. Endoscopy images (1024 × 720 pixels) were captured using the smartphone
camera at an imaging speed of 120 FPS with 10× optical magnification.

Biosensors 2022, 12, x FOR PEER REVIEW 3 of 13 
 

were controlled using an Arduino Nano Every microcontroller board (45 × 18 mm, 5 g), em-
bedded in the system with a Bluetooth module. The lens unit was made up of two achro-
matic lenses (L1 and L2) and an infinity-corrected 10 × objective (OBJ). L1 (f = 50 mm) and 
L2 (f = 3.1 mm) were relay optics used to deliver light from the OBJ to the focusing lens 
on the smartphone camera. A thin fiberscope (Myriad Fiber Imaging Inc., Dudley, MA, 
USA) with a flexible single-mode optical fiber bundle (FIGH-30-650S, 30,000 ± 3000 pixels, 
35 mm minimum bending radius, Fujikura Ltd., Tokyo, Japan) (see the inset of Figure 1b) 
was used as an endoscopic probe for imaging. The probe was placed between the light 
source module and the relay lens unit (Figure 1b). A pair of orthogonal linear polarizers 
(P1, P2) was inserted in front of the LD and smartphone camera to reduce strong specular 
reflection on the sample surface. This enabled the output beam from the light source to 
illuminate the interior of the body cavity via the fiberscope. The optical power of the beam 
irradiated at the tip of the fiberscope was 14 mW for LED and 1 mW for LD, corresponding 
to 0.5 mW/mm2 and 0.035 mW/mm2, respectively. Lights scattered from the interior are 
received by the fiberscope and transmitted to the relay lens unit. A commercial Android 
smartphone (Google Pixel 4a, 128 GB, 1080 × 2340 pixels, 143 g, 2020) was mounted on the 
endoscope using vertical and horizontal translation knobs to align the rear camera with 
the relay lens unit. Endoscopy images (1024 × 720 pixels) were captured using the 
smartphone camera at an imaging speed of 120 FPS with 10 × optical magnification.  

 
Figure 1. Implementation of a smartphone-based portable LSCI endoscope device: (a) A 3D model 
of a smartphone-based hand-held LSCI endoscope device and a schematic of its interior; (b) an im-
age showing the light source module (blue box), fiberscope (red box), and lens unit (green box). L#: 
lenses, P#: linear polarizers, OBJ: objective, DF: diffuser, BS: beam splitter, FL: focusing lens, LD: 
laser diode. The imaging fiber bundle attached to the fiberscope (inset in (b)) is used as a flexible 
probe for endoscopy and LSCI; (c) a photograph of the device implemented as a prototype system 
(70 (width) × 150 (height) × 250 (length) mm3); (d) an endoscopy image of USAF 1951 test target. 

Figure 1. Implementation of a smartphone-based portable LSCI endoscope device: (a) A 3D model
of a smartphone-based hand-held LSCI endoscope device and a schematic of its interior; (b) an
image showing the light source module (blue box), fiberscope (red box), and lens unit (green
box). L#: lenses, P#: linear polarizers, OBJ: objective, DF: diffuser, BS: beam splitter, FL: focusing lens,
LD: laser diode. The imaging fiber bundle attached to the fiberscope (inset in (b)) is used as a flexible
probe for endoscopy and LSCI; (c) a photograph of the device implemented as a prototype system
(70 (width) × 150 (height) × 250 (length) mm3); (d) an endoscopy image of USAF 1951 test target.
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Figure 1c shows the implemented system prototype product (70 mm (width) × 150 mm
(height) × 250 mm (length), less than 1.2 kg). Real-time imaging was displayed on custom-
developed smartphone software, or the captured images were saved as a video file (for-
matted WebM with VP8 codec) on the smartphone for post-processing. To measure image
resolution, we endoscopically imaged USAF 1951 test target with our device (Figure 1d),
showing that the minimum resolvable lines of the target image were 16 lp/mm correspond-
ing to 67 µm in resolution. The image resolution was comparable to that of a commercial
ureteroscope (URF-V, Olympus) [30].

Our system can provide two imaging modes for endoscopy and LSCI by using a
custom-built smartphone application. In endoscopy mode, the white LED is turned on
for bright-field inspection of organ tissue. In LSCI mode, the light is promptly switched
to the green LD for coherent light illumination. In the LSCI mode, laser speckle patterns
generated by LD illumination on the tissue were captured as raw speckle images using a
smartphone camera. The speckle image contains motion information of moving scatters,
such as red blood cells (RBCs), causing temporal changes in speckle signals [22]. To describe
the degree of speckle fluctuation, it is normal to define the speckle contrast K as the ratio
of the standard deviation of the light intensity over a region to the mean value between
0 and 1, representing the blood flow. Usually, there are two methods to map the speckle
contrast K: laser speckle spatial contrast analysis (LSSCA) and laser speckle temporal
contrast analysis (LSTCA). The former calculates the K with intensity values in a small
window kernel of a single speckle image and the latter calculates the K with intensity values
at a pixel of a time-sequence of speckle images. While LSSCA has better temporal resolution
than LSTCA, it is relatively poor for spatial resolution. We used spatiotemporal laser speckle
contrast analysis (STLASCA), a combined version of two methods [31,32], calculating the
K with Ns × Ns × N pixel cube, where Ns is the length of the kernel matrix and N is the
number of image frames. Therefore, STLASCA can be compromised to improve both
resolutions in the speckle contrast K map [31,32]. To implement the STLASCA algorithm
in this study, 15 captured raw speckle images (1024 × 720 × 15 pixels) were converted to
grayscale. Then, a data cube (7 × 7 × 15 pixels) was obtained by overlaying a 7 × 7-pixel
kernel on the grayscale image stack. The mean and standard deviation of the intensity
of all pixels for each data cube were calculated. Their ratio generated speckle contrast K.
Upon completion of the kernel sliding, the K value output formed a speckle contrast image
displayed on the smartphone screen.

2.2. Development of a User Interface Smartphone App for Real-Time Endoscopy and LSCI

We developed an Android-based smartphone software with a simple and intuitive
user interface (UI), allowing users to operate endoscopy and LSCI efficiently. The software
was developed with Android Studio, an official Google Android development tool, using
the Java and Kotlin languages. OpenCV, an open-source image-processing library, was
used for software development. Figure 2 shows the main pages of the software developed
for smartphones. The figure includes button-type icons for the mobile application functions.
The UI’s white and green buttons run light sources to illuminate the sample for endoscopy
and LSCI, respectively. Their outputs are displayed at 120 FPS as white-light images and
raw speckle images on the app screen. The “SETTINGS” button brings up a control box
where users can manipulate display parameters such as focus adjustment, digital zoom,
and display brightness (see right in Figure 2). The larger round button at the bottom of the
app screen starts the video recording. When the recording starts, the app screen can display
LSCI images (K maps) computed with the raw speckle images at video output levels of
>30 FPS. The “SET ROI” button selects a region of interest (ROI) in the LSCI display. As
shown in the flow chart in Figure 3, paired Bluetooth devices relay wireless communication
between the app and endoscope electronics.



Biosensors 2022, 12, 398 5 of 13Biosensors 2022, 12, x FOR PEER REVIEW 5 of 13 
 

 
Figure 2. Android-based user-interface software for the smartphone LSCI endoscope device. 

 
Figure 3. Step procedure diagram illustrating the endoscopy and LSCI operations. 

2.3. Procedure of Tissue-Mimicking Flow Phantom Manufacture 
To test the flow-imaging ability of the developed device, we prepared a scattering 

flow phantom. To simulate an optically turbid medium, such as a tissue background, the 
phantom was made of polydimethylsiloxane mixed with 0.15% (15 g/100 mL) TiO2. A 2.5% 
microparticle solution was then pumped into a light-transparent 1 mm diameter silicon 

Figure 2. Android-based user-interface software for the smartphone LSCI endoscope device.

Biosensors 2022, 12, x FOR PEER REVIEW 5 of 13 
 

 
Figure 2. Android-based user-interface software for the smartphone LSCI endoscope device. 

 
Figure 3. Step procedure diagram illustrating the endoscopy and LSCI operations. 

2.3. Procedure of Tissue-Mimicking Flow Phantom Manufacture 
To test the flow-imaging ability of the developed device, we prepared a scattering 

flow phantom. To simulate an optically turbid medium, such as a tissue background, the 
phantom was made of polydimethylsiloxane mixed with 0.15% (15 g/100 mL) TiO2. A 2.5% 
microparticle solution was then pumped into a light-transparent 1 mm diameter silicon 
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2.3. Procedure of Tissue-Mimicking Flow Phantom Manufacture

To test the flow-imaging ability of the developed device, we prepared a scattering
flow phantom. To simulate an optically turbid medium, such as a tissue background, the
phantom was made of polydimethylsiloxane mixed with 0.15% (15 g/100 mL) TiO2. A
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2.5% microparticle solution was then pumped into a light-transparent 1 mm diameter
silicon tube immersed in the phantom at constant flow rates ranging from 0.023 mL/min
(0.5 mm/s flow speed) to 0.094 mL/min (2.0 mm/s flow speed) using a high-precision
infusion syringe pump (Fusion 200, Chemyx Inc., Stafford, TX, USA). This effectively
simulated the blood flow of a superficial vessel within stationary tissue. The device probe
was positioned linearly 5 mm in front of the surface of the perfused phantom. The light
from the probe tip illuminated the phantom for the LSCI measurement.

2.4. Preparation of Small Animal Model

To evaluate the feasibility of the device for functional mobile endoscopy, we conducted
in vivo small animal experiments using the device. Hollow organ urinary bladders of adult
Sprague Dawley rats were chosen for cystoscopy because of the ease of access through the
urethra with a thin fiber probe. To investigate vascular disorders in the bladder, bladder
cancer rat models were created by administering N-butyl-N-(4-hydroxybutyl) nitrosamine
(BBN) to the drinking water for seven months. This BBN-treated cancer model is the
most commonly used preclinical murine model of bladder carcinogenesis for accurately
replicating human disease. It is responsible for high-grade invasive tumors of the urinary
bladder [33,34]. The normal (n = 2) and bladder cancer rat models (n = 3) were anesthetized
with an intravenous injection of 0.06% Zoletil and 0.04% Rompun per 100 g of body weight.
The fully immobilized animal was placed on a temperature-controlled heating pad, and
its bladder was emptied by applying gentle pressure to the bladder region. The emptied
bladder was then rinsed five times with phosphate-buffered saline (PBS). Following the
bladder wash, the flexible endoscope fiber tip of the device was gently inserted into the
urethra and carefully directed toward the bladder site through the urinary tract. After
navigating through the bladder lumen of a normal rat, the probe tip was situated at the
bladder wall with vascularity. The tip was positioned at the observable tumor mass in the
bladder cancer model for endoscopy and LSCI measurements.

3. Results
3.1. Tissue-Mimicking Flow Phantom Imaging

Figure 4a shows the experimental setup for tissue-mimicking phantom flow imaging
using our smartphone-based LSCI endoscope device. When the “GREEN” button in the
app was activated, the phantom’s green laser-induced raw speckle images were displayed
(Figure 4b). They could be switched to the laser speckle contrast images in the color map
(jet) display during recording (Figure 4c). In Figure 4c, the tube is clearly visible at a
relatively lower contrast K. This may be due to perfusion-induced washout of the raw
speckles (Figure 4b), resulting in decreased K values. To correlate the K value with the
flow rate, the speckle contrast K was converted to speckle flow index (SFI), calculated as
1/(2TK2) [35], where T denotes the exposure time of the smartphone camera (8.33 ms in
our work) during image acquisition. Figure 4d,e show the SFI images of the phantom flow
at flow rates of 0.023 mL/min and 0.094 mL/min, respectively. As shown in Figure 4f,
these images show a larger SFI at a higher flow speed, which is positively correlated. These
results suggest that our device may be able to locate perfused vessels in turbid tissues.
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3.2. In Vivo Small Animal Imaging

After validating the flow imaging performance of the tissue-mimicking phantom
flow experiment, we performed endoscopic blood flow imaging in a normal rat bladder
(n = 2) and BBN-induced cancerous rat bladders (n = 3) in vivo. The results are shown in
Figure 5. Figure 5a shows an endoscopy image of an anesthetized rat under cystoscopy,
which was examined by a clinician using the device. The device can assist clinicians in
navigating the emptied bladder cavity and observing the vasculature of the bladder interior.
Endoscopic images of normal rat bladders are shown in Figure 5b–d. The white-light image
(6 mm × 6 mm) in Figure 5b shows a typical healthy bladder wall structure [36]. Figure 5c
shows a grayscale raw speckle image at the ROI (boxed area), as shown in Figure 5a. The
corresponding laser speckle contrast image in Figure 5d shows a superficial major vessel
and its branches on the bladder wall (Supplementary Video S1). Figure 5e–k show the
endoscopic results of the two rat bladders with cancers. White light images (6 mm × 6 mm)
in Figure 5e,i show urothelial tumors (dotted lines) growing on bladder walls [37]. It was
difficult to observe the vessels embedded in the tumors in cystoscopy images. However,
the laser speckle contrast images (Figure 5g,k) computed with the raw speckle images
(Figure 5f,j) at the boxed areas in Figure 5e,i revealed the vasculatures in the bladder tumors.
The tumor vessels were distinct from the normal bladder vessels, as shown in Figure 5d
(Supplementary Video S2). Figure 5h shows a composite image of bladder tumors (green)
and their vasculature (red). From these tumor angiogenesis images, we can deduce that
the tumors would be fed oxygen and nutrients delivered by the tumor vascular networks
connected to the surrounding bladder vessels (arrowheads). In addition, it is interesting
to observe a pulsatile change in the speckle contrast in Figure 5l, obtained from the blood
vessel (box in Figure 5g). This represents blood pulsation related to heartbeats. These
in vivo imaging results indicate the feasibility of our device for functional field endoscopy.
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cancer rat models, commonly exhibiting a mass of tumors (dotted lines) growing on the bladder wall;
(f,j) grayscale speckle images of ROIs (boxed areas in (e,i)); (g,k) laser speckle contrast images of
(f) and (j), delineating complex micro-vasculatures in the tumors, morphologically different from
the normal vessel (d); (h) overlaid image of (f) (green) and (g) (red), depicting the tumor vascularity
sprouted from major bladder vessels (arrowheads); (l) plot of time-course speckle contrasts recorded
at a box in (g); the pulsatile contrast change may be due to blood pulsation caused by heartbeats.
Scale bars: 1.0 mm.

4. Discussion

In this study, we devised and implemented a mobile endoscope system using a
smartphone. We produced functional blood flow imaging using LSCI technology. Current
high-end smartphones possess fast computing ability and high-quality display capabilities.
This all-in-one compact computer can be effectively combined with a portable endoscope
to enable the mobility of endoscopy, which is a prerequisite for POC testing.

Despite LSCI’s ability to visualize blood vessels and their blood flow, few endoscopic
studies have exploited it as a real-time surgical assistance tool to aid intraoperative evalu-
ation [25,38,39]. For example, laparoscope-incorporated LSCI has been used to visualize
early changes in bowel perfusion using a rat bowel occlusion model. Furthermore, it
has been used to identify the intestinal vasculature of swine during laparoscopic open
surgery [38]. Current LSCI endoscope systems, however, rely on separate optical and elec-
trical devices such as standard cameras, benchtop light sources, and personal computers
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with monitors [39,40]. This setup is bulky, heavy, and difficult to transport, making it
unsuitable for use as a POC device. Our endoscope harnessed smartphone technology for
LSCI endoscopy, simplifying the device configuration and size. It can be used as a carry-on
or stand-alone medical device, which is promising for POC testing. Additionally, the use of
smartphones significantly reduces the overall cost of the device, compared with the prices
of conventional endoscopes and LSCI systems. Our survey of LSCI systems yielded an
average price of over USD 40,000–50,000 for commercially available systems. Our device
costs less than USD 1850 except for the fiberscope price—almost twenty-fold cheaper.
Table 1 compares the specifications of our device with the representative commercial LSCI
system [41]. Our device’s compact size and significantly lower price could make it an
invaluable tool for cost-effective endoscopic POC testing.

Table 1. Specification comparison of the prototype smartphone-based LSCI endoscope device and a
representative commercial LSCI system [39].

Specification Our Smartphone-Based LSCI System Commercial LSCI System

Price

3D-printed case: USD 300

Total: Less than USD 1850. More than USD 40,000
LD + LED light sources: USD 200
Optical components: USD 1000
Pixel 4a smartphone: USD 350

Camera bit depth 8 bits 12 bits

Wavelength 532 nm 785 nm

Display resolution 400 × 400 pixels 656 × 494 pixels

Data acquisition speed 120 FPS Up to 120 FPS

Dimensions 70 × 150 × 250 mm3 500 × 500 × 300 mm3

(PC not included)

Previous LSCI studies using smartphones have successfully demonstrated their practi-
cality as POC testing devices. However, no studies have been published on the application
of LSCI to the inner organs using a portable endoscope. In our study, we first tested the
vascular imaging performance of mobile endoscopy of normal cancerous rat bladders
in vivo. Disruption of blood circulation is an important indicator for evaluating the severity
of vascular diseases [42–48]. In cancer, it is particularly well-documented that the tumor
vasculature is morphologically different from the hierarchically organized normal vascular
network. They can be tortuous, leaky, and disorganized [49,50]. Therefore, the unique fea-
tures of the tumor vasculature compared to normal tissues allow for early cancer detection
at various stages or for selective therapeutic interventions [49]. In our experiment, the LSCI
of bladder cancer (Figure 5) visualized the microvessels of tumors in the bladder cavity,
distinguishable from the normal bladder vessels that were barely visible in the typical
white light endoscopic images. Furthermore, we could measure the blood pulses due to
heartbeats in the LSCI images. Therefore, animal experiments suggest that endoscopy
functionality can be highly advantageous in field surgeries and emergency treatments that
require prompt identification of blood ischemia or tissue viability.

The LSCI can be possible at frame rates lower than the current camera speed (120 FPS).
Yuan et al. [51] suggested that ~5 ms is a desirable exposure time of a camera for imaging
blood flow in rats, and this is also achievable for the low speed (1~15 FPS) cameras by
reducing their exposure times in the frame periods. However, the slow acquisition may
not detect the rapid change in blood flow such as blood responses to electrical stimuli that
could occur beyond the frame rates. Hence, the camera speed over at least 20 FPS may be
recommendable for blood flow imaging/monitoring [52].

This study had some limitations. First, unlike conventional clinical LSCI using near-
infrared lasers operating at 700–800 nm, we used green lasers operating at 523 nm as
the LSCI light source. The visible image sensor of the standard consumer smartphone
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camera was considered because of its relatively high spectral responsivity of 500–550 nm
wavelength [53]. However, we observed strong light absorption at the superficial large
bladder wall blood vessels, resulting in lower detection of scattered light signals from these
vessels. We adjusted for this by reducing the light intensity, which may unintentionally
elevate the speckle contrast K. For higher-fidelity LSCI measurements, therefore, the green
laser light source could be replaced with a red light source (~660 nm) in the proposed
device. This can nominally increase the speckle intensity more than 140 times.

Second, the maneuvering of the endoscope probe while viewing the smartphone screen
may compel divergence between the site of the manipulating hand and the clinician’s field
of view. This may be due to impaired eye-hand coordination, which is a critical issue in
routine endoscopic procedures [54]. To mitigate poor hand–eye coordination, an augmented
reality (AR) display may be used for endoscopic procedures [55–57]. AR is an interactive
interface that provides a computer-generated visual overlay on real-time images. For our
device, a wearable AR display, such as smart glass or a head-mounted display (HMD),
would allow the clinician to look at the duplicated smartphone screen and their hands at
the same time, matching the line of sight between the endoscope and the clinician.

5. Conclusions

The research team successfully built a novel smartphone-based real-time LSCI en-
doscope. This portable and compact medical device offers both endoscopy and blood
flow monitoring in the body. The system was validated by tissue-mimicking phantom
blood flow and live animal tests. We expect this prototype system to become an effective
alternative for field and POC endoscopy.

Supplementary Materials: The following are available online at https://www.mdpi.com/xxx/s1,
Supplementary Video S1: LSCI mapping showing normal bladder vessel, Supplementary Video S2:
LSCI mapping video showing tumor vessel in BBN model, Supplementary Code: Snippet code for
android application.
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