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Optical coherence tomography (OCT) is a new imaging technique with a significant role in the field of
medicine. It is a light-based non-invasive imaging method that provides high-quality cross-sectional and
volumetric images. OCT technology was introduced in the early 1990s and advanced to produce quicker
obtaining times and higher resolution. In this article, we discuss some of the recent advancements in OCT
imaging systems. We will review a brief history and first operating principles including light coherence
interferometry (LCI), time domain optical coherence tomography (TD-OCT) and Fourier domain optical
coherence tomography (FD-OCT) contains two types: spectral domain optical coherence tomography (SD-
OCT) and swept-source optical coherence tomography (SS-OCT). Also, we review recent emerging innovative
OCT systems including Doppler OCT, polarization-sensitive optical coherence tomography (PS-OCT), high-
resolution optical coherence tomography (HR-OCT), full-field optical coherence tomography (FF-OCT),
wide-field optical coherence tomography (WF-OCT), optical coherence elastography (OCE), adaptive optics
optical coherence tomography (AO-OCT), visible light optical coherence tomography (Vis-OCT),
intraoperative optical coherence tomography (iOCT), hand-held optical coherence tomography (HH-OCT),
and OCT in needle format.

cross-sectional imaging; low coherence interferometry; superluminescent light emitting diodes; ocular
imaging; optical coherence microscopy.

principle of Low Optical Coherence

|.INTRODUCTION Interferometry (LCI) [2], which was first
Optical Coherence Tomography (OCT) is a started i_n 1990 by Prof. Fercher's_ research
type of cross-sectional and volume imaging group with deep and transverse scanning of the
with high resolution of micro-internal retinal pigment epithelium (RPE) of the human
structures in biological tissues, which is based eye under in vivo conditions, and was reported
on backscattered light echo measurement [1]. in _!\/Iarcr] 1991 [3,4]. Prof. Ippen and Prof.
This imaging method was first developed in the Fujimoto's research group, both at MIT,
field of ophthalmology and now it has been progressed the visualization _of b|olog|_cal
developed in other medical and even non- tissues from another perspective by using
medical fields. This technique is called thenon-  femtosecond light pulses [5] and by depicting

the LCI signal to a color spectrum and viewing
neighboring A-scans, they created a tomogram
or cross-sectional picture, which was published

invasive imaging method and so-called "optical
biopsy". Light interference is based on the
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in  November 1991 [1]. The first
commercialized OCT system was introduced in
1996 with a scan rate of 100 scans per second
[6], now commercial OCT devices have been
developed to several million scans every second
[7-10]. The first OCT system of the clinical
ophthalmological world was the time domain
OCT (TD-OCT) which had a low scanning
speed of 400 A-scan/s, gradually after TD-
OCT, spectral domain optical coherence
tomography (SD-OCT) [11] and swept-source
OCT (SS-OCT) [12-14] which are two different
forms of Fourier domain OCTs (FD-OCTys),
were introduced. These systems had scan rates
of up to 100,000 A-scan/s. SD-OCT
(spectrometer-based FD-OCT), was first
introduced by Prof. Fercher et al in 1995 [15].
Swept-source optical coherence tomography
(SS-OCT) was first demonstrated two years
after SD-OCT in 1997 [16]. Hausler et al.
presented the primary in vivo Fourier domain
pictures of the skin in 1998 [17] and the initial
in vivo human retinal tomograms by FD-OCT
were published by Wojtkowski et al. in 2002
[18]. Now from 1990 to 2023 new OCT
systems have been developed: wide-field OCT
(WF-OCT), adaptive optics OCT (AO-OCT),
polarization-sensitive OCT (PS-OCT), full-
field OCT (FF-OCT), hand-held OCT (HH-
OCT), intraoperative OCT (iOCT), Home-
OCT, Ultra high-speed OCT, Ultra-high
resolution OCT (UHR-OCT) and high-
resolution OCT (HR-OCT), visible OCT (Vis-
OCT), Photoacoustic/Optical ~ coherence
tomography (PA/OCT), vertical cavity surface
emitting laser- Optical coherence tomography
(VCSEL-OCT), and OCT in needle format. In
this article, we will review the physical
principles of OCT systems and introduce
modern OCT systems along with their medical
applications.

Il. PHYSICAL PRINCIPLES OF OPTICAL
COHERENCE TOMOGRAPHY

Optical coherence tomography (OCT) is
usually compared to sonography, in both
techniques waves are directed into the tissue
under investigation and the back-scattered
waves are considered and their retardation
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measured to extract deepness information.
Optical coherence tomography generally
utilizes the near-infrared (NIR) spectrum,
which is much faster than ultrasound waves in
sonography. The delay time of the reflected
waves and the optical path difference in two
separate paths are calculated in the
interferometer (Fig. 1). The physical bases have
been  introduced in low  coherence
interferometry (LCI) [19,20]. OCT has features
that are common to sonography and
microscopes. The resolution of sonography
imaging is usually 0.1-1 um and relies on the
sound wave frequency of 3-40 MHZ. Sound
waves are transmitted at standard ultrasound
frequencies with minimal absorption in
biological tissue, and it is possible to image
deep structures of the body. A resolution of 15-
20 um has been attained by frequencies of 100
MHZ, but these high frequencies are greatly
degraded in biological tissues and the picturing
depth is bounded to a few millimeters.
Microscopes and confocal microscopes are
imaging methods with much higher lateral
resolution, i.e. 1 um or better. Imaging is
performed on the opposite plane and resolution
is specified by optical diffraction. In biological
tissues, deep imaging is possible until several
hundred  microns.  Optical  coherence
tomography bridges the discrepancy between
sonography and microscopy, with longitudinal
(axial) resolution from 1 to 10 um (10 to 100
times that of conventional sonography). In
general, it can be said that the penetration depth
of optical coherence tomography is greater than
that of a microscope but less than that of an
ultrasound, and the axial resolution of optical
coherence tomography is less than that of a
microscope but more than that of an ultrasound.

A. Low coherence interferometry (LCI)

In low coherence interferometry, the light beam
coming from a light source is split into two
different pathways (the path leading to the
reference mirror and the path leading to the
sample), The returning light from the two paths
is combined at the output of the interferometer.
The intensity of the interfering light is
measured with an electrical signal by an optical
detector (Fig. 1). This signal is a function of the
optical path difference between the two paths
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(or two interferometer arms). For a low-
coherence light source such as a
superluminescent light emitting diode (SLD) or
a pulsed laser source, interference happens if
the optical path difference of the two paths is
comparable with the short coherence length of
the source. An optical delay scan is obtained
between the reference arm and the depth profile
of the sample or A-scan, which is obtained by
mechanically scanning a mirror setup in the
reference arm. Extreme changes in refractive
index at the interface between the layers in the
specimen medium are shown as correspondent
peaks in the interference patterning. Tissue can
be expressed as the spatial distribution of
refractive index on a microscopic scale [21-23].
The variation of refractive index distribution in
the tissue causes strong light scattering.
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Fig. 1 Schematic illustration of a low coherence
interferometry (LCI) setup.

B. Operating principles of TD-OCT

In TD-OCT, according to Fig. 2, the light beam
of the source is divided into a reference beam
and a sample beam, and the reflected beams
from both pathways are recombined and stored
by the detector. To record the figure of the
depth of the specimen, the reference arm is A-
scanned (the mirror mounted in the reference
arm scans mechanically), and then transverse
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data is collected by storing A-scans at different
neighboring positions of the sample.
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Fig. 2 Schematic setup of time domain optical
coherence tomography (TD-OCT)

C. Operating principles of SD-OCT

In SD-OCT, the reference arm is fixed and the
depth data is acquired by Fourier transform. No
required mechanism for mechanical scanning,
allows for faster scanning without losing image
resolution (Fig. 3). SD-OCT is applied to
retrieve the depth data from the spectral cross-
checking method. The cross-spectral density
(CSD) is measured in the detection arm of the
interferometer using a spectrometer [11]. SD-
OCT provides better detection sensitivity
compared with the TD-OCT [24-26].
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Fig. 3 Optical setup of spectral domain optical
coherence tomography (SD-OCT)

D. Operating principles of SS-OCT

SS-OCT is a form of FD-OCT that uses a wide
bandwidth fast scan pattern and has a light
source that sweeps wavelengths in time and the
reference mirror is fixed.

Reference

A

Sample

/ | SWeep

sweeping
hght source Beam

Splitter

Photodlodel J

Fig. 4. A typical setup for swept-source optical
coherence tomography (SS-OCT)

The irradiated beam of the light source is
divided into a reference arm and a sample arm,
which collects the light sent back from inside
the specimen, the interference pattern of the
reference arm light beam and the sample arm
light beam is observed by the light detector,
while the monochrome frequency of the source
is swept away. As well as this system is called
optical frequency domain imaging (OFDI) [27].
There are three main differences between SD-
OCT and SS-OCT [2]: 1- In SD-OCT, a wide-
band light source illuminates the sample, but in
SS-OCT, a single sweep laser rapidly sweeps
various wavelengths to cover all of the broad
spectrum. 2- Light reflection from the sample in
SD-OCT is taken by a charged coupled device
(CCD) camera, while in SS-OCT it is captured
by a fast optical detector. 3- In most SS-OCT
systems, a light source with a middle
wavelength of approximately 1050 nm is used,
while in SD-OCT, a central wavelength of 840
nm is used. The penetration depth of 1050 nm
wavelength in tissue is greater than 840 nm.
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E. Physical concepts

Lateral and axial resolution

Lateral resolution is described by the object and
the focused medium ahead of the specimen. The
lateral resolution is defined by the spot scale of
the probe beam and for the Gaussian beam
profile the spot scale is explained by the radius
of the beam waist (w,), where its intensity is

reduced to 1/e?:

OX =+2Ln2w, @)
2f
5x=+2Ln2 %n—dy @

§x:\/2Ln2%$ 3)

where f_., n, d, 4;,and NA are the focusing

length of the system, the refractive index of the
sample, the diameter of the beam (decline to
1/e* ), wavelength in air, and numerical
aperture respectively. Axial or longitudinal
resolution for an OCT setup in air is equal to the
coherence length of the source and proportional
to the wavelength A, and has an inverse

relationship with bandwidth AA which is the
spectrum full width at half maximum (FWHM)
[28]:

2

c
7T Al

4)

Figure 5 shows the “Iso-resolution lines” for a
given axial OCT resolution, required spectral
bandwidth as a function of centric wavelength
(there is a certain axial resolution at a certain
central wavelength and a certain bandwidth). It
is clear from the graphs that for longer
wavelengths, the spectral bandwidth of the light
must be increased to obtain the same axial
resolution.
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Fig. 5 OCT axial resolution (ranging from 16 to
0.125 um) depends on both the optical bandwidth
and the center wavelength. Dashed lines are for 500
nm, 800 nm, and 1300 nm, respectively [29]

Sensitivity

An important parameter of OCT imaging is
detection sensitivity. Sensitivity is defined by
the smallest detectable signal from the noise. A
suitable definition of sensitivity is the ratio
between the reflectivity of a perfectly reflective
mirror (R =1) and the sample reflectivity R ..

which is a signal power equivalent to noise (or
signal-to-noise ratio SNR =1) [20]:

5=+ ®
RS min
or concerning dB is defined as follows:
1
S(dB)=10log (6)
Smin
R i IS the weakest reflectivity of the sample

[28].

Field of view (FOV)

The scan angle defines the field of view (FOV)
of a certain region on the sample, e.g. Retina.
The twice maximum scan angle, 26, explains

the maximum field of view (Fig. 6). To screen
a lateral field of view, an OCT beam scans the
sample [30]. Describing the depth field of view
(FOV) is unlike in TD-OCT and FD-OCT. In
TD-OCT the area of depth FOV is restricted by
the scanning domain of the reference light beam
(and sensitivity of the system) whereas the
depth field of view in FD-OCT is limited by the
resolution of the spectroscopy device [28].
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Fig. 6 Up: Axial and lateral sampling of OCT in
three-dimensional volume. Down: Maximum lateral
field of view (FOV) in retinal OCT.

I11. OCT LIGHT SOURCES

Broadband  light sources known as
superluminescent light emitting diodes (SLDs)
and wavelength-swept lasers are used as light
sources for OCT systems. The major part of
SLDs well-used for OCT is in the range of
wavelength 800-900 nm and working in ocular
SD-OCT set-ups. Wideband SLDs at 1300 nm
are used in TD-OCT setups for industrial
utilization [23].

A. Superluminescent light-emitting diodes
(SLDs)
Superluminescent  light-emitting  diodes
(SLDs) are the most important light sources for
TD-OCT and SD-OCT imaging. SLDs are
optoelectronic devices with the properties of
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both a laser diode (LD) and light light-emitting
diode (LED) [31]. These diodes work in the
amplified spontaneous emission (ASE) regime
[32]. The first SLD was presented in 1971 by
Kurbatov et al. [33]. The first generation of
SLDs was used in fiber-optic gyroscopes
[34,35]. The second generation of SLDs was
developed after a victorious illustration of OCT
capability and its potential compared with other
imaging techniques in medicine [35]. OCT
systems needed more capable SLDs than those
in the earlier 1990s, especially with an output
power of a minimum of 10 mW. Thorlabs
company has introduced many SLD devices
designed for OCT applications with center
wavelengths from 770 nm to 1610 nm [39].
Information on the spectrum and various
operating parameters is available on Thorlabs'

online website [39].

Principles of SLD operation

SLDs merge the directive beam of the laser
diodes with the broadband emission spectrum
of the light-emitting diodes [36]. An ideal SLD
has two facets with zero reflectivity in an active
channel (Fabry-Perot cavity in epitaxial active
layer). In a real SLD, the end facets are
designed with low reflectivity, for suppression
of laser feedback. In the active layer of an SLD,
two counter-propagating beams of ASE are
moving throughout the length of the active
cavity. For the approximation of output power,
SLD is characterized by an easy model that
takes into account the uniform distribution of
the carrier’s density along the cavity region of
SLD. This model was investigated in some
research papers [37,38]. The broadband
spectrum and short coherence length of the
SLD improve the axial resolution of OCT
images. A typical SLD structure and its package
that is used for the OCT system has been shown

inFig 7.
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Fig. 7 Structure of a typical superluminescent light
emitting diode (SLD) and a kind of SLD package for
OCT system

B. swept source laser technology for OCT

Wavelength-swept lasers are used in OCT
systems widely [40-42], especially in late years,
swept laser high technology has been
impressive in advancing OCT application in
biomedical imaging. In general, swept sources
for optical coherence tomography are tunable
lasers with an uncommon set of operating
parameters [43]. They require different
components, different cavity designs, and
innovative operating regimes. Many other
performance standards exist for swept lasers.
As yet since 2003 many swept lasers have been
demonstrated with wavelength range of 1050-
1558 nm and sweep speed range of 0.25-11500
kHz. Various laser types and their operational
parameters were collected in [43]. Additional

information is available in [35] and [43-45].

IV.INNOVATIVE OCT SYSTEMS

A. Doppler optical coherence tomography
or Optical Doppler tomography (ODT)

Optical coherence tomography technique, in
addition to examining the tissue structure, can
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estimate the functional characteristics of the
specimen, such as blood flow, applying
Doppler OCT angiography. The frequency of
the light beam changes when it is scattered by
mobile red blood cells, and total frequency
change is related to the blood flow velocity
according to [46,47]:

1 —

Af 25(Rs —Ri)-V

(7

Where ks and k; are wave vectors of scattered

and incident light respectively, and V is the
velocity vector of the moving blood cell (Fig.
8). Assuming the angle between the velocity of
the blood cell and incident beam is &, the
Doppler shift equation is simplified to [46]:

_ 2nV cos@
o

Where 4, and n are the vacuum middle

wavelength of the light source and refractive
index of the medium. The obtained information
by optical Doppler tomography (ODT)
provides a contrast-free method to visualize and
determine the amount of retina blood in vivo.
These results help to diagnose pathological
diseases for example diabetic retinopathy and
glaucoma. The OCT scattered signal from the
blood vessels (mostly with red blood cells)
displays much more changes compared with the
OCT signal originating from the scanned
stationary tissue [4]. Doppler optical coherence
tomography merges the principle of Doppler
with OCT to achieve high-resolution images of
tissue morphology and blood flow together.
Doppler OCT only measures the component of
velocity parallel to the OCT probe beam, two
OCT light beams with constant offset in the
incident angles can be used to measure the pure
velocity and volume flow velocity [48,49]. This
measuring demands particular hardware that is
not consistent with conventional single-beam
OCTs. Srinivasan et al. developed OCT
Doppler to calculate cerebral blood flow [50]
and Bauman et al. calculated total retinal blood
flow (TRBF) by ultrafast SS-OCT [46].

Af (8)

Biophotonics & Biomedical Engineering

63

Vol. 3, No. 1, Winter-Spring, 2023

Doppler OCT has many utilizations in
biomedical research and clinical medicine
caused by its extremely high resolution and
spatial sensitivity. Various applications of
Doppler optical coherence tomography are as
follows: screening for vasoactive medical
drugs, observing tissue structure changes and
hemodynamics after drug involvement and
dynamic therapy, assessing the depth of burn
injuries, and cortical hemodynamic mapping
for brain research.

OCT light

Fig. 8 Symbolic figure of blood flow (red blood
cells) and light beam angle in Doppler optical
coherence tomography

While Doppler OCT is capable of estimating
blood flow in large blood vessels [51,52], it is
difficult to detect the steady flow in small-scale
blood vessels due to the bulk movement of the
tissue. In the picturing of retinal blood vessels,
Doppler  optical coherence  tomography
confronts an extra limitation that most of the
vessels are almost vertical to the OCT beam,
and the ability to detect the Doppler shift signal
is highly dependent on the incident angle of the
beam. Up to now, various research groups have
measured the total retinal blood flow by
Doppler optical coherence  tomography
[51,53,54].
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B. Polarization-sensitive OCT (PS-OCT)

Polarization-sensitive ~ optical ~ coherence
tomography was first introduced in 1992 [55]
and it is dependent on the form of polarized
light that alters through several light-tissue
interactions [2]. The features used in PS-OCT
are birefringence, dichroism, and optical axis
orientation, but mainly PS-OCT works by
evaluating the backscattered polarization state
and estimating birefringence in the sample
tissue [55]. In a specimen, the double refractive
index is based on the direction of polarization
of the light beam, so the polarized component
forwards the slow axis and undergoes a phase
delay compared to the polarized component
alongside the fast axis. If the variation of
refractive index, An, is known, the
measurement of retardation of 8, makes the
possibility of determining the thickness of the
birefringent sheet in the retina [30]. It is
possible to distinguish eye structures based on
the characteristics that change the state of
polarization, for example, birefringence in the
sclera, polarization preservation in
photoreceptors, and depolarization in RPE are
used. PS-OCT has also been employed in many
utilizations, including correlation of burn depth
with reduce of birefractivity [56], measurement
of retinal nerve layer birefringence [57,58], and
view of the start and going forward of caries
lesions [59]. PS-OCT was first introduced in
TD-OCT technology, but now it is used as SS-
OCT and SD-OCT [60,61] for imaging several
visual structures like the macula and peripheral
retina [62-64].

C. High-resolution OCT (HR-OCT) and
ultra-high-resolution OCT (UHR-OCT)

The performance of optical coherence
tomography is  principally  found Dby
longitudinal ~ (axial)  resolution, lateral
resolution, sensitivity, and information
achievement characteristics containing speed
[65]. Optical coherence tomography can attain
high-depth resolutions separate from numerical
aperture (NA). According to Eq. (4) axial or
depth resolution is reversed relative to the
bandwidth of the light spectrum and squarely
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proportional to the middle wavelength of the
light source (A2). To improve the longitudinal

resolution of OCT, either the spectral
bandwidth should be increased or the central
wavelength should be reduced, and this is the
basis of high and ultrahigh-resolution OCT
[55]. Refining the axial resolution in optical
coherence tomography is challenging and
requires the utility of very complex optical
sources with wide bandwidth. Figure 5 shows
the Iso-Resolution lines and it is possible to find
the necessary bandwidth for an assumed central
wavelength to obtain the desired OCT axial
resolution. A typical HR-OCT has a
longitudinal resolution of 3 pm, which can
obtain clearer images of choriocapillaris
vasculature [55,66].

D. Full-field optical coherence
tomography (FF-OCT) or full-field optical
coherence microscopy (FF-OCM)

In TD-OCT and FD-OCT, image information is
taken along pillar-shaped sections of the
specimens and then the image is obtained by
scanning the beam across the specimen surface
[67]. Variously, full-field optical coherence
tomography (FF-OCT) [68-71], provides
enface images (a surface slab parallel to the
sample area) without beam scanning. FF-OCT
distinguishes the interferometric signal in the
surface of the specimen at a specified depth and
thus directly obtains a two-dimensional slice
image [72]. Currently, FF-OCT captures two-
dimensional enface images of visual tissue at
various depths, and these images can be used to
reassemble  three-dimensional  volumetric
images until 1 um resolution. Recently, human
retinal ganglion axons have been reviewed by
FF-OCT [73].

E. Wide-field OCT (WF-OCT) and ultra-
widefield OCT (UWF-OCT)
Conventional OCT imaging system is often
limited to 20° x20° the narrow field of view
(narrow FOV) [74]. Higher degrees of FOV
were introduced by wide field and ultra-wide
field OCT systems (WF-OCT with the field of
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view 40° —45°and UWF-OCT with FOV until
200°). The first UWF-OCT was suggested by
Klein et al. [75] and was based on an ultrafast
SS-OCT with a mode-locked 1050 nm laser.
The utilization of frequency domain mode-
locked lasers as an OCT light source was first
presented by Wojtkowski, Huber, and Fujimoto
in 2006 [76].

F. Optical coherence elastography (OCE)

An imaging technique called elastography
produces elastogram images depending on the
mechanical characteristics of a tissue [77]. The
use of optical coherence tomography (OCT) in
elastography known as optical coherence
elastography (OCE) was first presented by
Schmitt in 1998 [78]. This method is an
alternative to manual (touch) exploration by
physicians in a suspicious area. Touch is limited
due to subjectiveness, low structural resolution,
and low sensitivity. Originally, elastography
was progressed using ultrasound [79] and
magnetic resonance imaging (MRI) [80] as
basic visualization methods. There are three
basic steps in elastography: 1. A mechanical
weight enters on specimen. 2. Displacement of
the specimen is determined in reaction to the
weight. 3. A specimen's mechanical
characteristic is approximated from the
calculated displacement. Prostate and Breast
cancers are among the cases tested by
elastography. Many eye diseases are associated
with changes in the mechanical characteristics
of the tissue: keratoconus, presbyopia
(hardening of the lenses), glaucoma
(accompanied by hardening of the sclera), and
arteriosclerosis (decreasing the elasticity of
blood vessels) [30]. Applications of OCE are
currently in their infancy.

G. Adaptive optics OCT (AO-OCT)

Adaptive optics aims to compensate for optical
aberrations using an adaptive optical element,
for example, a deformable mirror. Adaptive
optics was originally advanced to decrease
dynamic wavefront errors in astronomical
visualization [81]. In ophthalmology, AO-OCT
is used to improve and remove monochromic
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aberrations from transmitted light through
visual tissues for example cornea and lens.
Adaptive optics systems estimate monochromic
aberrations that occur in the eye and correct
them by applying wavefront sensors and
deformable mirrors.

H. Visible light OCT (Vis-OCT)

So far, all existing OCT systems applied in
ophthalmology work in the range between
wavelength 0.8 um and 1.3 um (near-infrared
range). Vis-OCT was first introduced and
described by Povazay et al. [82]. The utilization
of visible wavelengths in the OCT light source
is associated with restrictions and challenges:
The optical device must be precisely corrected
for chromatic deviations, and worthwhile
wideband optical sources are not economically
accessible.  Additionally, due to the
photochemical performance potential of blue
light and the limitations of laser illumination
which lead to reduced sensitivity of the OCT
apparatus, it is a fundamental problem. The
most critical restriction of Vis-OCT is the lack
of access to intact structures under the retinal
pigment epithelium (RPE) cause of the high
absorption of visible light. Hence, the vascular
system of the retina (capillaries and vessels)
and choroid cannot be observed and evaluated
with Vis-OCT compared to OCTA. Vis-OCT,
despite the disadvantages, has major
advantages [30]: 1. Both lateral resolution and
specifically the longitudinal resolution of
retinal OCT pictures can be remarkably
improved. According to Eq. (4) it is clear that
the utilization of a wide visible range at shorter
wavelengths  (450-700 nm) extends the
longitudinal resolution to the sub-micron range,
which is 8 times larger than the common
infrared OCT by central wavelength 880 nm
with a bandwidth of 80 nm. 2. Backscattered
spectral information can be applied for
spectroscopic determination. By absorption
graphs for oxygenated and deoxygenated
hemoglobin the information obtained in Vis-
OCT can be applied to calculate the oxygen
saturation of arterial blood and venous blood
[83]. Oxygen saturation is described as the
percent of oxygen-saturated hemoglobin
(HbO) as to the entire quantity of oxygenated
and deoxygenated hemoglobin [30]:
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oxygen saturation (%)
oxygenated hemoglobin

_oxygenated hemoglobin+deoxigenated hemoglobin

(9)

I. Intraoperative coherence
tomography (iOCT)

Intraoperative optical coherence tomography
(I0CT) is a recently developed OCT
application  for real-time intraoperative
diagnostic visualizing. Intraoperative OCT
supplies depth conception for surgeons besides
ordinary surgical procedures. It also allows
surgeons to view OCT imaging directly in the
operating room in real time. The digital system
integrated with iOCT allows surgeons to check
the OCT data without leaving the operating
room. iOCT may facilitate the delivery of
therapeutic  drugs, for example, tissue
plasminogen activator [84] or electrode array
placement for subretinal implants [55,85]. In
ophthalmology clinics, iOCT provides fast non-
contact micrometric scale visualization to
observe the morphology of the retina and the
anterior part of the eye (cornea). iOCT is also
used in  non-ophthalmic  microsurgery,
microsurgeries are used to handle and rebuild
micron or millimeter-scale structures for
example small vessels, nerves, and membranes.
Conventional surgical microscopes provide just
a little understanding of the 3rd dimension, and
depth details must be deduced by the surgeon.
IOCT can allow a direct understanding of the
depth dimension, which can significantly ease
surgical procedures in addition to pre-operation
and post-operation assessment. In addition, it
has been used to image human cartilage in usual
knee joints and arthritis knees throughout open
knee surgery. Blood vessels and nerves that are
not easily seen under an ordinary microscope
have been identified in iOCT images [86].
Tumors of the brain have been analyzed by
high-resolution OCT, and the ability of iOCT
for intraoperative usage has been demonstrated
[87].

optical
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J. Hand-held OCT

Hand-held OCTs have been designed to solve
the non-portability problem of commercial
OCTs used in clinics [55,88], these OCTs are
helpful for the young population as well as
infants [89-91]. Manual OCT usually consists
of two parts: 1- Light handset part 2- The base
part which includes the light source,
spectroscope, and data processor with the
corresponding screen. The first hand-held OCT
systems were developed for cases like babies
who are not able to stand in front of optical
scanning at OCT [92]. Hand-held OCT imaging
is used during surgery to detect small bleeding
caused by instrument manipulation. This
information helps the surgeon estimate the
amount of exfoliation needed.

K. OCT in needle format

OCT imaging is limited in clinical utilizations
due to its very limited imaging depth (2-3 mm)
in tissue [35]. OCT needle probes [93] can be
designed using minimized fiber optic probes,
which suggests its ability for deep body
imaging. Several applications are expanding,
including cancer diagnosis [94,95], lung
imaging [96,97], eye imaging [98,99], and brain
imaging [100,101]. OCT's high-speed hand-
held needle scanners allow clinicians to
perform in vivo imaging in real-time.

V. CONCLUSION

In this article, we reviewed the newest medical
imaging method, optical coherence
tomography, from its emergence to the latest
developments. Our review includes a brief
history and principles of the physical concepts
of time domain, spectral domain, and swept-
source optical coherence tomography systems,
together with a review of their modern types for
medical applications, especially in
ophthalmology. The  development and
improvement of applied technologies in the
domain of optical coherence tomography is a
very active zone in the research area. This
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article is a small step in the direction of
expanding the view on this subject.
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