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Optical coherence tomography technology for

diagnosis of diseases in organs

Su Li', Song Kaiwen®, Lv Peitong’, Wang Haoran’, Sun Mingyang’, Zhang Xiaotong®, Zhang Tianyu®’

(1. Jilin Provincial Institute of Education, Changchun 130022, China;
2. Key Laboratory of Geophysical Exploration Equipment, Ministry of Education, College of Instrumentation &
Electrical Engineering, Jilin University, Changchun 130061, China)

Abstract: In modern medicine, nuclear scans, Positron Emission Tomography (PET), and Magnetic Resonance
Imaging (MRI) technology have been widely used to provide tissue morphology and functional information.
However, these technologies have their own shortcomings in resolution or imaging depth. A new optical detection
technology based on the principle of low-coherence interference can achieve high-resolution and large-depth
imaging at the same time. This technology is called optical coherence tomography (OCT) technology. OCT
technology is a non-contact, non-invasive, non-damage imaging technology that combines high longitudinal
resolution with high transverse resolution, and can achieve the same effect as biopsy observation. OCT uses a
low-energy near-infrared light source as the detection light, combined with non-damaging methods such as
microscope heads, hand-held probes or endoscopes, for routine detection, and will not cause damage to biological
tissues. At the same time, OCT combined with rapidly developing image acquisition, analysis and processing
technology can realize real-time three-dimensional imaging, and extract useful information for diagnosis for
quantitative analysis, which provides convenience for doctors' diagnosis. This review focuses on the classic OCT
imaging technology and its related medical application technologies, such as SD-OCT, SS-OCT, aOCT, PS-OCT
and D-OCT, in the detection of diseases of the respiratory system, oral cavity, brain tissue, kidney and other major
organs in the application.
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0 Introduction

Imaging modalities, such as X-ray computed
tomography (CT), magnetic resonance imaging (MRI),
and ultrasound imaging have been used as clinical
diagnosis tools for many organ structures. In the airway,
X-ray cephalometry and CT can obtain structural
information. However, the availability, cost, and risk of
ionizing radiation related to those imaging techniques
have hindered their applications for daily screening and
monitoring!l. Oral and skin cancer are prevalent and pose
considerable health care problems worldwide!”. Visual
examination by physicians has limited the opportunity to
manage diseases in the early stage because of high inter-
and intra-observer errors. In internal organs like kidneys,
the brain, bowels and gastro-intestines, medical imaging
techniques such as nuclear scans, PET and MRI can detect
morphological and functional abnormalities. However, the
clinical utility of these techniques are limited by their high
cost, lack of availability, and difficulty associated with
operation during surgery®l.

Optical coherence tomography (OCT) is suitable for
diagnosing diseases in a clinical and surgical setting. OCT
is a low-coherence interferometric technique used as an
optical analog to ultrasound™! that exhibits higher imaging
speed and spatial resolution than CT and X-ray. Axial and
transverse resolutions of a typical OCT imaging is 10-
20 microns and typically determined by the bandwidth
of the light source and numerical aperture of collimator.
By using ultrabroad bandwidth sources, such as supe-
rcontinuum light sources and solid-state lasers and femto-
second laser, the axial resolution can be improved to a
few microns. With enhanced transverse resolution, a
detailed tissue structure up to a few microns can be
visualized. Moreover, OCT provides depth-resolved

images of biological tissues of up to —2 mm beneath the
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tissue surface!”. At present, pathology is the gold standard
for many disease diagnoses. With the advancement of an
accurate noninvasive optical imaging technique such as
OCT, tissue biopsies and processing for medical diagnosis
can potentially be eliminated and benefit treatment plan-
ning by achieving an easier bedside diagnosis®.

This work reviews the different applications of OCT,
focusing on obstructive sleep apnea (OSA) in airway
diseases, oral cancer in oral diseases, cerebral edema in

brain tissues, renal cell carcinoma in renal diseases, and

colon cancer in gastrointestinal diseases.

1 OCT in airway applications

Respiratory disease and dysfunction in the airway
affect the patient’s quality of life. OCT imaging has
been demonstrated to be a viable intra-operative tool.
Similarly, the oral region is a vulnerable area of the
body, and OCT allows non-invasive monitoring of oral
cells. The application of OCT in the airway and oral
cavity will be reviewed in the following sections.

Airway injury is frequently caused by endotracheal
intubations, long-term tracheostomies, trauma, airway
burns, and some systemic diseases'®. Due to the rapid
progression of airway injury and decreased survival rate
over time, a rapid and less invasive technique for both
early assessment and interventional treatment of acquired
airway stenosis is needed”.

OCT can delineate microstructures, such as
epithelium, mucosa, cartilage, and glands, in all samples'®
and identify the epithelium and lamina propria while
providing detailed structural information on normal and
diseased tissues. A reliable means to noninvasively
image living tissues at a high resolution could signi-
ficantly help the diagnosis, treatment, and monitoring of
diseases within the lower aerodigestive tract.

The use of OCT assesses the engraftment of
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exogenous adipose stem cells in injured tracheal epithe-
lium with fluorescent microscopy and detects and mon-
itors the degree of airway injury in the same tracheal
epithelium. This method can further contribute to the
study of immunomodulatory effects of adipose-derived
stromal/stem cells (ASCs) in airway stenosis.

1.1 Airway

The application of OCT in the upper airway includes
the detection of obstructive sleep apnea (OSA) and subgl-
ottic and nasal diseases. Measurement of airway thickness
and three-dimensional imaging of the respiratory tract can
be conducted to display the respiratory tract model and
solve upper respiratory disease problems. The following is
areview of OCT application in the upper airway.

1.1.1  Obstructive sleep apnea (OSA)

Obstruction of the upper airway can adversely affect
breathing and gas exchange, especially during sleep. OSA
is characterized by the repetitive closure of the upper
airway during sleep!"” and affects an estimated 12 to
18 million Americans from every age group'''. OSA among
adults is characterized by dynamic collapse and reduces
airflow!"”. Measuring the upper airway dimension, such
as caliber and volume, can reveal pathophysiology of
airway collapse during sleep. The use of functional OCT
imaging, such as long-range OCT (LR-OCT) and anato-
mical OCT (aOCT), has the unique advantage of allowing
dynamic measurements during sleep and enabling direct
measurement of the effect of treatments on airway caliber.
Furthermore, OCT can be incorporated into a small endo-
scopic imaging probe to generate quantitative and real-
time images of the upper airway inside the patient that
enable an accurate determination of shape and size!'”. A
new LR-OCT system integrates high-speed imaging with
real-time position tracking to generate an accurate 3D anat-
omical structural model of the human upper airway. The
system can achieve rapid and complete visualization and
quantification of the airway which can then be used in
computational simulations to determine obstruction sites!*.

Sharma et al. showed LR-OCT can immediately
image the upper airway of children under general
anesthesia before and after tonsillectomy and adenoi-

dectomy™™. This study investigated the feasibility of using

LR-OCT to identify both normal anatomy and narrowing
airway sites and quantitatively compare the pre- and
postoperative airway lumen size in the oropharyngeal and
nasopharyngeal regions. The volumetric rendering of pre-
and postoperative images clearly showed regions with
airway collapse and postsurgical improvement in airway
patency!"”!. Figurel shows the LR-OCT imaging of the
upper airway. Figure 2 shows the axial aOCT imaging of
the nasopharynx post adenoidectomy before and after
surgery.

The frequency-domain optical delay line (FDODL)
was developed for ultrafast laser pulse autocorrelation and
subsequently used in OCT systems for group- and phase-
delay scanning to achieve high frame rates required for
artifact-free OCT imaging'. A section of the upper

airway and esophagus was shown with a radial scanning

Fig.1 LR-OCT imaging of the upper airway

Pre-operative OCT Post-operative OCT

: Anterior
Adenoids terio

Right Left

Posterior

Fig.2 Preoperative axial OCT image of the nasopharynx and adenoids of
a 7 year old male patient (left image). Postoperative axial OCT
image of the nasopharynx of the same patient (right image)(Note:
The adenoids have been removed and the airway lumen is

larger'™)
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range of 26 mm. This imaging was the first attempt to
obtain in vivo size and shape measurements of the human
upper airway by using catheter-based OCT. The results
showed that substantial segments of organ circumfere-

nces could be detected to provide medically useful infor-

mation!", Figure 3 shows in vivo measurements of six
different anatomical locations in the upper respiratory and
digestive tracts where five images were taken at different
locations along the airway from the nasal cavity to the hy-

popharynx, and one image was obtained in the esophagus.

V'S
<

i

A
>
5

el

-2
5 4

-

.""\.

L 10 mm

Fig.3 Six in vivo measurements of the airway (and esophagus) of a human and arranged by distance in the airway: (a) nasal cavity, (b) nasopharynx,

(c) velopharynx, (d) oropharynx, (¢) hypopharynx, and (f) esophagus. (Note the following anatomical features: nasal septum (N), middle turbinate

(MT), inferior turbinate (IT), posterior nasal spine (P), base of uvula (BU), base of tongue (BT), and arytenoid cartilage (AC). The two circles at

the center of the images are the reflections from the inner and outer surfaces of the catheter!")

By using aOCT, the airway cross-sectional area
(CSA) and the anteroposterior (AP) and lateral diameters
were obtained from velopharyngeal regions. The shapes,
sizes, and lengths of the pharyngeal airway in individuals
with and without OSA were compared. Relative to
healthy controls, the velopharyngeal CSA was appro-
ximately 40% less than those with OSA. Figure 4 shows
that several landmarks are readily identifiable from the
aOCT images of the upper airway.

In addition, aOCT can resolve dynamic changes in
airway size and shape due to external factors, such as

applied air pressure!'”. The effect of soft palate

T/ &

- .

= Nasal septum Nostril T
Velopharynx ™~__ /'Base of uvula
- I
Oropharynx — Tip of uvula
- f:f" i - - ‘ ,::',1

—
Hypopharynx o % Tip of epiglottis

Oesophagus Upper oesophageal
sphincter

Fig.4 Various anatomic landmarks and regions of the pharynx from the

upper esophagus and completed in one nostril!"®!
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displacement and sidewall deformation on the velocity
and pressure fields has been studied. A complete and
accurate flow and pressure fields for an individual could
be generated!'".

The minimally invasive imaging of upper airway
obstructions was necessary to improve clinical decision-
making!®. Swept-source anatomical OCT (SS-aOCT) has

been used for upper airway luminal imaging to demo-

nstrate accurate 3D luminal reconstructions of human
airway phantoms and ex vivo swine trachea. This method
could provide unprecedented dynamic airway imaging
and obtain new insight into obstructive breathing
disorders in conjunction with computed fluid dynamic
(CFD) analysis. Figure 5 presents a comparison of the
aOCT results of imaging an ex vivo swine airway with a

high-resolution CT scan on the same tissue.

T

i

Fig.5 (a)—(c) aOCT images of swine trachea displayed in three different viewing angles; (d)—(f) Corresponding CT images; (g) Photograph of the swine

airway. (Note: The imaged region is indicated by the dotted square. The x, y, and z scale bars each represent 3 mm)

1.1.2  Subglottic microanatomy

At present, no imaging modality allows in vivo
characterization of subglottic microanatomy to identify
early signs of subglottic stenosis (SGS) while a child
remains intubated. FD-OCT has been applied to the serial
monitoring of neonatal subglottic in long-term intubated
infants who are at risk of acquiring SGS'"”.. Long-range
FD-OCT produces high-resolution 3D volumetric images
of the pediatric subglottic. Identifying occult subepithelial
pathology of the subglottic could help neonatologists in
managing the airway and reducing the incidence of
subglottic ulceration and scarring!"”. Figure 6 shows
the intraoperative FD-OCT of the pediatric airway,
and Figure 7 presents the subglottic OCT image of the

same patient.

Fig.6 Intraoperative FD-OCT of the pediatric airway. Note: A 0.7 mm
OD OCT probe (75-80 cm length) is connected to a combined
rotational motor and dual-motor stage for linear pullback. The
probe, housed in a transparent fluorinated ethylene propylene
sheath, is inserted through a Y-connector and pushed inside the
endotracheal tube. The combined motors simultaneously rotate
and retract the probe through the upper airway as the OCT signal

is reflected at 90° into the tissue. ETT = endotracheal tube!'”
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Fig.7 OCT image of pediatric subglottis represented in (A) polar
coordinates and (B) cropped segment of Cartesian coordinates.
(Note: A: anterior, C: cricoid cartilage, E: epithelium, BM:
basement membrane, LP: lamina propria, PC: perichondrium,
double arrows: probe sheath, and single arrow: endotracheal tube

inner/outer wall. Bar = 500 mm'"*")

1.1.3  Airway remodeling and asthma

The structural changes and thickening of the airway
wall components that occur in individuals with chronic
respiratory diseases, also known as airway remodeling,
are responsible for many of the adverse outcomes
associated with this type of diseases™..

Adams et al. have developed polarization-sensitive
OCT (PS-OCT) combined with an endoscopic imaging
probe to detect smooth muscle structure and function in
asthmatic patients”’. PS-OCT can visualize tissue with
high birefringence and quantify the local retardation of
polarized light. Airway smooth muscle remodeling is
known to occur in asthmatic patients, and this study has
provided the first in vivo insights into the mechanism of
remodeling in humans.

1.1.4 Smoke and chemical-induced airway injury

The diagnosis of inhalation injury is a primary
unresolved problem in modern burn care™. Imaging the
subsurface structure of the airway wall is important in
detecting abnormalities during airway injuries. Smoke
exposure and inhalation risks, including thermal, toxic,
and chemical injuries, result in airway hyperemia, edema,
sloughing, and necrosis. The pathophysiological informa-
tion, such as mucosal thickness, mucus secretion, and
airway lumen deformation in the injured airway wall,
could provide early diagnosis and prediction of
respiratory diseases™””. The airway thickness measured in

OCT increased in sheep and pigs after smoke inha-

lation”.  Additionally, smoke inhalation injury is
frequently accompanied by cyanide poisoning and acute
respiratory distress syndrome that can result in increased
morbidity and mortality. Currently, a method to quantita-
tively determine the extent of airway injury is lacking.

There is an improved LR-OCT system with an up to
25-mm imaging range that demonstrates the feasibility of
using our LR-OCT system to qualitatively and quantit-
atively assess the progression of smoke inhalation injury
over time. Using LR-OCT, the technology can achieve
real-time near histology grade evaluation of airways that
could be useful for rapid non-invasive assessment of
inhalation injury®*”. The LROCT system showed excellent
capability for monitoring changes of airway thickening
over time and tracked progressive thickening of the
airway mucosa as the injury progressed.

The quantification of acute and long-term thickness
changes of the mucosal area in the airway by using in
vivo 3D endoscopic OCT could provide a sensitive tool
for investigating the effectiveness of various therapeutic
interventions in smoke inhalation and other airway
injuries”". Figure 8 shows a representative in vivo image
of a normal rabbit airway with corresponding histology.

Cystic fibrosis (CF) can lead to chronic inflammation
and the remodeling of airways. However, information on
the associated mucosal microanatomical changes is
limited®. Therefore, the potential of OCT in the in vivo
imaging of the upper airway mucosa in CF patients was
studied. OCT images could present mucosal details. The
mean nasal mucosa and epithelial layer thickness
increased in CF. The structural changes of the nasal
mucosa were associated with long- and short-term
antibiotic treatments and raised IgE levels. In CF patients,
antibiotic therapy was associated with reduced nasal
mucosa thickening!.

To investigate whether OCT could differentiate
between the composite microstructural layers of the
human airway and simultaneously determine in situ
morphologic changes, a study obtained cross-sectional
images of bronchi from 15 patients undergoing lung

resections for cancer by using a benchtop OCT system™®.

20210803-6
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Fig.8 (a) In vivo OCT image of a normal rabbit airway, (b) and (c) histology, and (d) an image of the airway taken by a bronchoscope. (Note: e:

epithelium, m: mucosa, c: cartilage, BV: blood vessel, PBT: peri bronchial tissue, and tm: muscularis®*)

The obtained OCT images closely matched the histo-

logically sectioning. Figure 9 presents the corresponding

Depth/mm

1 2 3 4 5 6 7 8
Spatial length/mm

Fig.9 (A) Anatomy of a healthy human airway with its characteristic
multilayered profile, (B) Cross-section OCT images in the
following anatomic components: Epithelium (E), lamina propria

(LP), smooth muscle (SM), mucus glands (G), and cartilage(C)

histology sections of the scanned macroscopically
disease-free airways to validate the OCT images.
1.2 Lung

Diagnostic imaging modalities for human bronchial
airways do not possess sufficient resolution and tissue
penetration depth to detect early morphologic changes and
differentiate real-time neoplastic pathology from nonsp-

ecific aberrations

. OCT is a feasible optical tool for
real-time near-histologic imaging of endobronchial
pathologywiththepotentialforlungcancersurveillanceappli-
cations in diagnosis and treatment™””. And OCT has been
shown to be able to evaluate and differentiate pulmonary
parenchyma from pulmonary nodules'*.

In addition, OCT is also a high-resolution imaging
modality that rapidly generates helical cross-sectional
images. Needle-based OCT to guide Transbronchial
Lymph Node Biopsy Transbronchial needle aspiration
(TBNA), often used to sample lymph nodes for lung
cancer staging, is subject to sampling error even when
performed with endobronchial ~ultrasound”®. OCT
features of metastatic carcinoma are distinct from benign
lymph nodes with micro-architectural features that reflect
the morphology of the carcinoma subtype. OCT is also
able to distinguish lymph nodes from the adjacent airway
wall. OCT imaging of human thoracic lymph nodes demon-
strated that needle-based OCT can provide information
about lymph node microarchitecture that could be used for
intraprocedural TBNA sampling site guidance during lung

cancer staging™.

20210803-7
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Diagnostic certainty of idiopathic pulmonary fibrosis
(IPF) is critical to determine prognosis and therapeutic

1 OCT can provide unique opportunities to track

options
disease progression, investigate IPF pathogenesis, and
assess responses to therapy over time, which would be an
asset for both clinical management and research. In vivo
OCT also provides strong support for potential significant
advances in the management of IPF as it fills the need for
low-risk, microscopic evaluation and diagnostic methods
that do not require surgery or tissue removal.

Diagnosis and early management of acute respiratory
distress syndrome (ARDS) is an unresolved clinical
problem in modern burn care. In the new ARDS
definition, ARDS is defined as an acute inflammatory
syndrome that is accompanied with increased permea-
bility of the alveolar-capillary membrane®”. OCT
bronchoscopy has the capability to assess changes in
Mucosal Thickness (MT) and Proximal Airway Volume
(PAV) following smoke inhalation and burns. OCT
provides high quality of airway edema information that
can be useful in identifying the disease when the patient is
exposed to inhalation injury.

OCT has the potential to detect and measure regional
changes in mucosal thickness of the airway following
smoke inhalation and burns. A bedside technique of
fiberoptic-bronchoscopy-based optical coherence tomo-
graphy (OCT) measurement of airway mucosal thickness
(MT) for diagnosis of ARDS following smoke inhalation
injury (SII) and burns”" may be effective as a diagnostic
tool in the early stages of airway damage, smoke inha-
lation injury and fluid overload after burns.

1.3 Summary of airway and lung

When patients sleep, OCT contributes in the
diagnosis of respiratory diseases. OCT is capable of ima-
ging the inside of the respiratory tract. This technolo-
gy can be used in surgical procedures, and the respiratory
tract thickness can also be measured. Researchers require
high image resolution and speed. Scientists have designed
OCT variants, such as LR-OCT, which have high imaging
range. The lung is closely related to the respiratory tract.

OCT can solve the diagnosis of many lung diseases and

play the most important role in clinical application.

2 Oral

The application of OCT in the oral cavity includes
the detection of oral tissue and cancer. In dentistry, OCT
technology can also be used to detect and image patients
with dental diseases. The following section reviews the
application of OCT technology in the oral cavity.

2.1 Oral tissue

Diseases in human cavities, such as the mouth, are a
prevalent and significant health care problem worldwide.
Accordingly, the need for an effective diagnostic tool is in
high demand for prognosis, diagnosis, and early treatment
of cavity diseases™™. The characteristic tissue anatomy and
micro vessel architecture of various cavity tissue regions
of a healthy human are identified by using 3D OCT
images and their corresponding 3 D vascular perfusion
maps at a level approaching capillary resolution*%.,

A study developed a spectral domain OCT (SD-OCT)
system and an oral imaging probe to visualize the microst-
ructural morphology and microvasculature of the human
oral cavity, thereby demonstrating the feasibility of micr-
ovascular imaging in healthy and pathologic oral tissues.

Recently, the OCT-based microangiography map-
ping of functional blood flow within tissues has been
demonstrated by using a complex OCT processing algo-
rithm, such as the speckle variance method. A study
presented the 3 D vascular imaging and clean vascular
morphology of living human cavity tissues by using the
modified OCT microangiography method™.

2.2 Oral cancer

Oral cancer, the sixth most common cancer
worldwide, is predominantly seen in low- and middle-
income countries””. Violations of the well-defined strat-
ified healthy mucosal structure in cancer tissues are
distinctly detected via OCT, thereby indicating the poten-
tial of this technique in the early diagnosis of tumors and
the precise guidance of excisional biopsy"*. However, the
use of OCT as a rapid cancer screening technique is
limited at present. Therefore, developing a noninvasive

and accurate method for real-time screening, detection,

20210803-8
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and diagnosis of early-stage oral lesions is still crucial.

A fluorescence image-guided OCT probe could be
used on tissue autofluorescence images to simultaneously
guide the OCT image acquisition of suspicious regions in
real-time. OCT images of normal and precancerous oral
mucosae could be used to plot the boundary between the
epithelium (EP) and lamina propria (LP) layers reason-
ably, determine the EP thickness, and estimate the range
of dysplastic cell distribution based on standard deviation
mapping

In a study, a mobile OCT imaging system was

[35]

designed and tested for its performance as a point-of-care

oral diagnostic device in an LMICP®. Another method
was used to build a PS-OCT instrument capable of wide-
field in vivo imaging in the oral cavity since polarization
properties change in cancerous tissue’.
2.3 Dental

Dentistry studies on OCT have become an important
research direction. An OCT system offered dentists a
practical tool for real-time assessment of the remaining
dentin thickness on a monitor. OCT could help dentists
avoid opening the pulp chamber during dental procedures,
such as the drilling process of carries removal®*. Figure 10

shows the enface OCT image of the buccal mucosa.

(b)

Fig.10 Enface OCT image of the buccal mucosa: (a) healthy tissue and (b) oral squamous cell carcinoma’®!

2.4 Summary of oral

OCT can also be used for nasal and bronchial disease
monitoring. In addition, in the diagnosis of oral diseases,
OCT can perform noninvasive and real-time collection of
healthy and diseased oral tissues and 3D imaging of blood

vessels in the mouth.
3 OCT application in internal organs

In addition to the respiratory tract and oral cavity,

OCT technology can also be used to detect diseases in
internal organs, such as kidney, cerebral cortex, skin,
bowel and gastric parts.
3.1 Kidney

All OCT and Doppler OCT observations were
performed in a noninvasive, sterile, and timely manner on
intact human kidneys prior to and following their tran-
splantation””. Providing high-resolution 3D imaging

demonstrated the potential of using OCT on image donor

20210803-9
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kidney structures and evaluating organ viability or imag

[40]

ing the responses to acute kidney injury'™. Moreover,

OCT exhibited high diagnostic yield in determining renal
cell carcinomal.

For kidney transplants, ischemia-induced acute
tubular necrosis (ATN) is the most common complica-
tion™). OCT could image the renal microstructures of

living human donor kidneys and potentially provide a

(a) Healthy

= 0.2 mm

measure to determine the extent of ATN . Accurate and
early diagnosis is critical in preserving renal function. For
delayed diagnosis, acute glomerulonephritis caused by
antiglomerular basement membrane disease has a high
mortality rate*, OCT can detect the difference in tissue
properties between healthy and nephritic murine kidneys.
Figure 11 shows typical OCT images of healthy and
nephritic kidneys.

(b) Nephritic

e 0.2 mm

Fig.11 Typical OCT images of (a) healthy and (b) nephritic kidneys'*?

3.2 Cerebral organs
The accurate quantification of cerebral perfusion
from OCT angiograms was important to understand the

cerebral vascular pathophysiology™.

However, the
mechanisms underlying the nontraumatic rupture of
cerebral vessels were unclear™. Therefore, quantitative
assessment of cerebral blood flow could significantly
promote understanding of the nature of acute intracranial
hemorrhage (ICH).

A study determined the particularities of alterations
in arterial and venous cerebral circulation in hypertensive
rats at different stages of stress-related ICH development
by using 3D Doppler OCT (D-OCT)™. By using D-OCT,
the latent stage of stress-induced ICH was characterized
by a decrease in venous outflow.

Moreover, the fractional signal change measured by
OCT revealed a functional signal time course corres-
ponding to the hemodynamic signal measurement made
with video microscopy*”. The results in this study were
validated with more than 10 animals to date. However, the
quantification of blood vessels from OCT angiography

created some current limitations™. Another study

proposed a growing algorithm for a locally adaptive
region to solve these problems; this algorithm was also
used as an indicator to evaluate the cerebral blood
perfusion of middle cerebral artery occlusion in mice.
This algorithm could detect micro vessels and ensure
good segmentation results for regions with high signals.
Figure 12 shows the OCT angiograms of the normal
mouse brain and the results of the traditional threshold
segmentation algorithm.

A study proposed an algorithm called wavelength
dividing multiplexing optical Doppler tomography to
effectively enhance the sensitivity of cerebral capillary
flow imaging™”. A study showed the cerebral artery wall
by using OCT, thereby indicating its importance in fluid
structure interaction between vessel wall and blood
flow!*!. This study revealed new information on cerebral
artery walls. To overcome the obstacles of deflated and
collapsed vessels due to missing blood pressure, this study
developed a new image processing method and virtual infl-
ation. This work supported the deduction of vessel wall pat-
hologies. Figure 13 shows the ex vivo histology and OCT

slice depicting the same vessel part with varying shapes
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Fig.12 (a) OCT structure image of the mouse brain. [Note: The two red circles indicate that the leftmost and rightmost ends have the maximum and

minimum brightness, respectively. The two longitudinal curves next to (a) indicate the signal intensity of the leftmost and rightmost A-scans of

(a).) (b) OCT blood flow image of (a). (c) En face MIP image of (b). (Note: The red line represents the locations of (a) and (b).] (d) Segmentation

result of the Otsu method. (¢) Common threshold segmentation. (Note: The two yellow boxes in (d) and (e) indicate capillaries with relatively

lower intensity']

Cerebral edema is the accumulation of excess water
in the brain; this condition develops in response to various
conditions, including traumatic brain injury and stroke,
and contributes to the poor prognosis associated with
these injuries**. One study used Doppler OCT techniques

to perform 3D imaging of an in vivo water intoxication

model in mice and analyze the cerebral blood flow. This
study found that OCT could detect the occurrence of in
vivo optical changes. Figure 14 shows that the system was
used to image in vivo mouse brain, two-dimensional OCT

sagittal image, and 3D volume of in vivo mouse brain.

Fig.13 Ex vivo histology and OCT slice depicting the same vessel part with varying shapes!*!
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Fig.14 (a) Schematic of the SD-OCT setup; (Note: Red arrows depict the optical beam scan pattern for 3 D imaging of the sample, where m: mirror, gm:

galvanometer mounted mirror, gr: grating, Isc: line scan camera.)(b) Two-dimensional OCT sagittal image of in vivo mouse brain, where S:

skull, CTX: cerebral cortex, CC: corpus callosum, and scale bar: 0.5 mm; (c) 3D volume of in vivo mouse brain rendered from OCT

volumetric scan!**!

3.3 Skin

The skin is the largest organ of the body. This organ
has four layers: stratum corneum, epidermis, dermis, and
subcutis which have different optical characteristics.
Therefore, skin is considered a complex, variable, and
multilayered optical medium!* =",

OCT could be used as an investigative tool in the
clinical evaluation of actinic keratosis and NMSC
lesions. A SD-OCT system could detect skin structural
imaging by using OCT on healthy skin and different
skin lesions, such as dysplasia (AK), Bowen’s disecase
(BD), and basal cell carcinoma (BCC)"*!,

Furthermore, OCT and Doppler OCT allow rapidly
resolved imaging of capillaries in the superficial dermis
via a handheld probe to show the morphology*. The

vessel morphology and density in the wounded edges

were remarkably different from the healthy skin, showing
clusters of glomuleri-like vessels, an absence of linear
branching vessels, and substantial blood perfusion.
Another study demonstrated the potential of OCT in
providing reliable and quantitative skin surface roug-
hness™®. OCT was used to identify the effect of cosmetics
and human skin topology on various aging groups and
different skin regions. The skin surface geometry obtained
from 3D OCT images was well quantified for complex
wrinkle structure. Figure 15 shows this procedure.
Vibrational OCT is an emerging technology that
characterizes the macromolecular components of the
extracellular matrices of the skin™*!. This method nonin-
vasively identifies the major macromolecular components
of skin and scars. Figure 16 shows the cross-sectional

OCT images of normal (left) and scarred (right) skin.
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Fig.15 Procedure of the automatic detection algorithm of the skin surface for quantitative analysis of skin roughness. This process includes “curvature

estimation” and “surface detection after flattening” procedures'*”!
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Fig.16 Cross-sectional OCT images of normal (left) and scarred (right) skin®*!

3.4 Bowel and gastric organs

Anastomotic leakage is a severe complication after
esophageal sectioning with gastric tube reconstruction”.
Optical modalities indicated the potential in recognizing
compromised perfusion in real-time when ischemia is still
reversible®™. A study investigated an OCT-based
intraoperative imaging method for blood flow detection
during esophagectomy with gastric tube reconstruction®.
By implementing the optical technique for blood flow
detection during surgery, perfusion could be imaged and
quantified.

The mucosal microanatomy of the large intestine was

characterized by the presence of crypts which were
associated predominantly with goblet cells®”. These
cellular-level intestinal microstructures underwent morph-
ological changes during the progression of bowel
diseases, such as colon cancer and ulcerative colitis.
Figure 17 presents a cross-sectional image of colon
mucosa ex vivo and a representative cross-sectional
histology of rat colon tissue.

SD-OCT could be used to image the cellular-level
structure in the intestinal mucosa. This method could
evaluate OCT for cellular resolution imaging of cellular-

level structures in rat colon ex vivo and in vivo. Another
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Fig.17 Cross-sectional image of normal rat colon ex vivo. (a) Representative cross-sectional OCT image of colon mucosa ex vivo. (b) Representative

cross-sectional histology of rat colon tissue. (Note: The red, yellow, and green arrows denote the crypt lumen structures, individual goblet cells,

and lamina propria, respectively”™)
study demonstrated an ultrahigh-speed endoscopic OCT
imaging system for clinical gastroenterology™*). This syst-
em used next generation tissue visualization methods for
clinical gastroenterology that enable 3D visualization of
microvasculature.
3.5 Summary of internal organs

OCT can image the cross-section of nerve and blood
vessels with high resolution and provide a new model in
cerebral cortex neuroscience research to help in solving
brain injuries caused by loss of blood pressure in the
artery wall vasoconstriction and subsidence problems;
thus, OCT can improve vascular blood flow of three-
dimensional imaging sensitivity effectively and image the
brain edema model. In addition, OCT provides clinicians
and researchers with micron-resolution cross-sectional
images of the human skin which can be up to several
millimeters deep. At present, skin biopsy and the foll-
owing histopathological analysis are the reference
standards for diagnosing skin diseases. OCT is a useful
tool to provide comprehensive and intuitive information
in dynamic skin observations because it can display
quantitative skin topologies and volumetric skin anatomy.
In addition, OCT can display microstructures in real time
to detect renal cell carcinoma. In addition, SD-OCT can
be used to image intestinal mucosal cells, this method is
used for imaging the esophageal cavity during gastro-

scopy to resolve stomach problems.

4 Discussion

This article reviews the applications of OCT in the

diagnosis of different organs, such as OSA, oral cancer,
cerebral edema, renal cell carcinoma, and colon cancer in
respiratory diseases, oral diseases, brain tissues, renal
diseases, and gastrointestinal diseases, respectively.
Traditional X-ray CT is used to obtain airway
structure information of patients with respiratory diseases.
However, due to the influence of the ionizing radiation
dose, X-ray CT cephalometry are limited by time
intervals. By contrast, OCT can display respiratory tract in
real-time. In order to improve imaging resolution,
scientists have developed a variety of OCT, such as
aOCT, PS-OCT, SD-OCT, SS-OCT and D-OCT, with
high resolution and imaging speed. These methods can
also be used to detect lung diseases, and OCT can be used
in oral epithelial tissue to determine whether patients have
oral cancer and other oral diseases. OCT provides a good
tissue image in the clinic. In brain tissues, OCT can detect
brain edema, thereby providing doctors with useful
information by measuring the thickness of the cerebral
artery wall. Lesions in skin tissues can also be measured
by using OCT, which has the potential to provide reliable
and quantitative skin surface roughness. Colorectal cancer
in gastrointestinal diseases and gastric cancer can cause
gastrointestinal lesions. OCT can also be used to image
gastrointestinal tissues and provide doctors with surgical
solutions. As one of the most important organs in the
human body, kidneys with renal disease have adverse
effects on the human body, and real-time OCT imaging

can detect every piece of kidney tisssue.
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OCT has been used for both quantitative and

qualitative morphological evaluations of organ diseases

and shown potential as an enabling biophotonic imaging

technology for preclinical studies and clinical diagnoses.

Hence, the clinical evaluation of diagnostic tests and

technologies deserve as much attention as clinical trials

investigating new drugs.
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