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Abstract Polarization-sensitive optical coherence tomo-
graphy (PS-OCT) enables depth-resolved mapping of
sample polarization information, such as phase-retardation
and optical axis orientation, which is particularly useful
when the nano-scale organization of tissue that are difficult
to be observed in the intensity images of a regular optical
coherence tomography (OCT). In this review, we survey
two types of methods and systems of PS-OCT. The first
type is PS-OCT with single input polarization state, which
contain bulk optics or polarization maintaining fiber (PMF)
based systems and single-mode fiber (SMF) based
systems. The second type is PS-OCT with two different
input polarization states, which contain SMF based
systems and PMF based systems, through either time,
frequency, or depth multiplexing. In addition, representa-
tive biomedical applications using PS-OCT, such as retinal
imaging, skin cancer detection, and brain mapping, are
demonstrated.

Keywords optical coherence tomography (OCT), polar-
ization-sensitive optical coherence tomography (PS-OCT),
polarization, imaging

1 Introduction

Polarization-sensitive optical coherence tomography (PS-
OCT) [1] is a functional extension of optical coherence
tomography (OCT) [2]. By measuring the polarization
state of light reflecting or scattering back from tissue, PS-
OCT enables depth-resolved mapping of sample polariza-
tion information, such as phase-retardation and optical axis
orientation. Polarization information is particularly useful
when the nano-scale organization of tissue is difficult to be
observed in the intensity images of a regular OCT. The
potential of PS-OCT for biomedical applications has been
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demonstrated in numerous areas, including dermatology
(such as imaging burn lesion of skin [3—9] and skin tumor
[10,11]), ophthalmology (such as cornea [12,13], retina
[14-22], and anterior eye chamber [23] imaging), dentistry
[24-28], endoscopy [29], cardiology [30,31], pulmonlogy
[32], osteology [33,34], and neurology [35-37].

In general, there are two main types of PS-OCT
methods. The first type is PS-OCT systems with single
input polarization state. The second type is PS-OCT system
with two input polarization states. In these two types, they
both contain two subtypes of configurations: polarization
maintaining (PM) and non-PM systems, respectively.
Table 1 summarizes the key features of these different
types of PS-OCT systems.

In PS-OCT systems with single input polarization state,
one subtype is PM configuration containing bulk optics or
polarization maintaining fiber (PMF) based systems. The
OCT signal is measured with polarization sensitive
detectors [1,38—42]. PM configuration has the advantage
that the input polarization state can be well-defined and can
achieve stable polarization imaging with simple algorithm
and system scheme. However, this configuration using
PMF can cause imaging artifacts, i.e., the “ghost peaks”
due to crosstalk between the orthogonal polarization
channels of PMF. This problem can be solved by adding
long (20—30 m) PMF in the arms of the interferometer to
shift those peaks to a position, where it doesnot impact the
sample image [40,42].

The other subtype is non-PM configuration, namely,
single-mode fiber (SMF) based system. Using SMF and
SMF based components reduces system complexity,
artifacts, and cost [43,44]. In this subtype, several
polarization controllers are applied in the SMF based
system to adjust the polarization state of the system. There
are two approaches for SMF based PS-OCT with single
input polarization state. The first one calibrates the input
light onto the sample to a circularly polarized light using
polarization controller [43]. The algorithm for calculating
phase retardance and optical axis orientation is the same as
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Table 1 Summary of different PS-OCT configurations

type sub-type pros cons reference
single input polarization PMF and bulk e simple algorithm e ghost peak [1,38-42]
state optics e no need for calibration e high cost
o stable e no local birefringence
e no diattenuation
SMF e simple system and algorithm e need calibration [43,44]
e low cost e not very stable
e no ghost peak e no local birefringence
o no diattenuation
two input polarization SMF e local birefringence e complex system (modulation or multiplex) [19,23,45,46]

states e diattenuation

PMF and bulk
optics

e local birefringence
o diattenuation

e high cost
e complex algorithm

e complex system (modulation or multiplex)
e high cost
e complex algorithm

[30,47-50]

Notes: PMF, polarization maintaining fiber; SMF, single-mode fiber

those used in PM system. Alternatively, we recently
develop another method to calibrate the phase retardance
of the SMF system to multiple integers of & using a quarter
wave plate (QWP) [44].

Although PS-OCT system with single input polarization
state has the advantage of simpler algorithm and scheme,
the polarization information obtained is cumulated from
the sample surface to the measurement depth. Therefore,
the “local” polarization information cannot be obtained
accurately.

The second type, PS-OCT system with two different
input polarization states, can improve the quantification
accuracy of local polarization information. In this category,
one subtype is non-PM configuration, namely, SMF based
systems [23,45], and the other subtype is PM configuration
[30,47-50]. Compared with the PS-OCT with single input
polarization state, using two independent input polariza-
tion states can obtain local polarization information using
matrix similarity and eigenvalues. One way to obtain the
information from two polarization states input is to time-
multiplex the input signal, i.e., alternating the input light
polarization state for each A-line [23,45]. Since the two
adjacent A-lines are closely placed, they will provide the
polarization information from the overlapped sampling
area. However, in endoscopic or catheter-based imaging,
sample motion or stress-induced birefringence changes in
the fiber-optic probe can be non-negligible during the time
interval between successive A-lines [29], resulting a less
accurate estimation of local polarization information.

To overcome this limitation, techniques for multiplexing
the two polarization states during one axial scan acquisi-
tion have been developed [19,22,46,51,52]. There are two
main approaches. One uses frequency multiplexing to
encode two input polarization state information with
different frequencies [22,46,51,52]. However, the electro-
optic or acousto-optic devices used for frequency shifting
not only add to system cost, but also significantly increase
system complexity as they require dedicated high speed

control. The other approach employs a passive polarization
delay unit for depth multiplexing [19]. In this approach, the
passive polarization delay unit induces different sample
arm path lengths for orthogonally polarized light, thereby
enabling simultaneous detection of the polarization
sensitive information for two incident states. However,
this approach needs a light source with long coherence
length to avoid depth degeneracy [53].

In this review, we summarize the principles and key
technologies of these methods. We will discuss the
advantages and challenges of each method. In addition,
representative biomedical applications using PS-OCT,
such as retinal imaging, skin cancer detection, and brain
mapping, are demonstrated.

2 Principle of PS-OCT

2.1 PS-OCT with single input polarization state

PS-OCT systems with single input polarization state
contain two subtypes: PM and non-PM configurations.
The first subtype uses PM components such as bulk optics
or PMF. This method has been widely adopted for PS-OCT
[1,38-42]. The time-domain version of this method was
first presented by Hee et al. in 1992 [1]. More recently,
frequency-domain (including both sweep-source and
spectral-domain) PS-OCT has been developed as well
[38,4042].

Basically, this method uses a circularly-polarized light to
illuminate the sample, yielding phase retardance measure-
ment insensitive to sample orientation in the lateral
directions. Phase retardance and relative axis orientation
of the sample can be measured by this method directly. As
the polarization information of polarization maintaining
system is known, it only needs a single polarization state to
obtain axis orientation and phase retardance information.
Figure 1 shows the schematics of a sweep-source PS-OCT
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Fig. 1 Scheme of sweep-source PS-OCT with PM fiber using single input polarization state [42]. TLS, tunable laser source; PC,
polarization controller; QWP, quarter wave plate; M, mirror; XY scan, galvo scanner; PBS, polarizing beam splitter; BPD, balanced
photodetector; DAQ, data acquisition card. Reproduced from Ref. [42] with permission

with PM fiber. Similarly, this configuration can be
extended to time- or spectral-domain PS-OCT as well.

The basic principle of this method has been presented
previously [1,39,41]. The reference light exiting the PM
fiber of the 50:50 coupler is linearly polarized along the
slow axis of the fiber. QWPs are needed to set in the system
to adjust the polarization state of the light in the reference
and sample arm of the system. The Jones matrix of QWP
can be expressed as [39]
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As there is no circular birefringence in QWP, The
forward and backward propagation matrix of QWP is equal

as .7 owp = 7pr [54]. In the reference arm, it traverses a
QWP oriented at 22.5° to the slow axis. After reflection at
the reference mirror and double-passing the QWP, the light
is in a linear polarization state oriented at 45° to the slow
axis, providing equal reference optical field Ey in both the
fast and slow axes of the fiber.
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Here, Jowep; is the Jones matrix of QWP at 45° to the slow
axis. The sample light exiting the sample arm fiber is also
polarized along the slow axis of the fiber. It traverses a
QWP oriented at 45° to the slow axis with Jones matrix
Jowpa, resulting circularly polarized light on the sample.
The Jones matrix of the sample Jg with phase retardance o

and fast axis orientation 6 can be expressed as [54]
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As the circular birefringence in sample is neglected, the
forward and backward propagation matrix of sample is

— —
equal as Jg = Jg [54]. The Jones vector of the sample
beam, after exiting the interferometer, Egy, is
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The AC coupled interference signals I at depth z of the
sample can be expressed as
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The interference signals at orthogonal polarization axes
X and Y is split by the polarizing fiber beam splitter PBS
and detected by two balanced photodetectors respectively.
Fast Fourier transform (FFT) can be used to process these
two interference signals. Ay and 4y are the amplitude of
the interference signals at X and Y axes, respectively. ¢y
and ¢y are the phase of the interference signals at X and Y
axes. The phase retardance of the sample can be written as
[39]
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The fast axis orientation can be written as [39]

0= (n—¢x + dy)/2. (7

In this method, ¢ calculated from Eq. (6) represents the
retardance value cumulated from the sample surface to the
measurement depth. To measure the specific polarization
feature at a specific depth, depth-resolved “local” retar-
dance needs to be determined. Such local retardance was
previously estimated using the retardance difference
between adjacent depths (the “differential retardance™)
[7]. However, Fan and Yao [30,47,48] show that such
calculation is valid only in samples with constant optical
axis over depth. In samples whose optical axis varies with
depth, the measured cumulative retardance is not equal to
the summation of the local retardance from all top layers.
In addition, the diattenuation of sample is not considered in
this method. When the sample has strong diattenuation,
this method will be ineffective.

The second subtype of this category is non-PM system,
namely, using SMF components and SMF with single
input polarization state [43,44]. In this subtype, several
polarization controllers are applied in the SMF based
system to adjust the polarization information of the system.
There are two approaches in this subtype. The first one
calibrates the light sending onto the sample to circular
polarization using polarization controllers. The algorithm
for calculating phase-retardation and optical axis orienta-
tion is the same as those used in PM system (Eqgs. (1)—(7))
[43]. However, this method needs a complex polarization
controlling process. In the second method, a QWP is acted
as a calibration standard on the sample arm, and a
polarization controller is used to adjust the output stokes

laser source

PBS

vector of the front and back surfaces of the QWP to [0, O,
11" and [0, 0, —1]%, respectively. In this way, the phase
retardance of the SMF system is calibrated to multiple
integers of m, and the phase retardance and optics axis
orientation can be measured reliably [44].

2.2 PS-OCT system with two different input polarization
states

The second type, PS-OCT system with two different input
polarization states, also contains both PM and non-PM
configurations. Using two independent polarization states,
one can extract the complete set of local polarization
properties including local retardance, local diattenuation,
and local axis orientation using Jones matrix based PS-
OCT. The key of this method is using matrix similarity and
eigenvalues. The principle of this method has been
presented previously [23,30,47,48].

Here, we first describe the non-PM system, namely,
SMF based system. In Fig. 2, the schematic diagram of a
SMF-based PS-OCT is shown. To measure the Jones
matrix of a sample, the states of polarization of the
backscattered light with at least two incident states should
be measured.

Input incident polarization state E;, can be expressed as

[23]
I_Iinl Hin2 - 1 0 (8)
Vit Vin2 0 ei(o ’
where Hy,1, Hyp, Vin and Vi, are the electric field of two
input incident lights on the horizontal and vertical
channels. ¢ is the phase difference between two input

incident lights.
The reference light needs to balance the orthogonal
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Fig. 2 Schematic diagram of a fiber-based PS-OCT with two different input polarization state [23]. Pol. Mod., polarization modulator;
Pol., polarization controller. In the case of time-domain and spectral-domain OCTs, the light source is a broadband light source. It is a
wavelength-swept light source for swept-source OCT. PDX and PDY are photodetection devices to detect the orthogonal polarization axes
X and Y. Photodetection devices are photodetectors for time-domain and swept-source OCTs, and they are spectrometers for spectral-
domain OCT. Typically the polarizer is introduced in the reference arm to deliver the same optical power of reference beam to two

photodetectors. Reproduced from Ref. [23] with permission
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polarization axes X and Y, which can be expressed as [23]

E Href 0 1 0 (9)
ref — 0 Vref - 0 eiV’ 5

where H,.; and V. are the electric field of the reference
light on the horizontal and vertical channels. y is phase
difference between the reference light on the horizontal
and vertical channels. The amplitude of the reference light
on the horizontal and vertical channels are equal by
adjusting the polarization controller on the reference arm.

Assuming Jgr is the round-trip Jones matrix of the
sample and Jgr = Ji(z)Js(z) [23], and Ji, Jou
represent the Jones matrix of the optical fibers of the
input and output paths. The measured Jones matrix signals
S(z;) at the sample depth z; can be written as
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S(z;;,) at the sample depth z;, | can be written as
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where Jgr(z;,z;41) is the round-trip Jones matrix of the
sample z; to z;, ;. The local measured Jones matrix signals
M (z;.1,z;) can be expressed as
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Equation (13) can be rewritten using a similarity
transformation with the eigenvalues 4, , as [23]

2015, 8(2): 128-140

A
0 I

M(zi12)=A AL (14)

Here A,, and A4 are the eigenvalues and eigenvector
matrix of M (z;,,z;), and
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where Jsr(z4) and M(z;,z;) are similar matrix. The
local phase retardation ¢ and relative-attenuation o can be
calculated from the eigenvalues 4, ; as [23]
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In this method, the optic axis orientation cannot be
obtained from A if the diattenuation in sample and fiber
exists [23]. Fan and Yao [30,47,48] present a method to
remove the diattenuation of M(z;, 1,z;) and then use eigen-
decomposition to M (z;.1,z;) in order to obtain optical axis
orientation.

In addition, using SMF-based system with two different
input polarization states, Park et al. present a method to
calculate phase retardance and optical axis orientation
using the space geometry relation of Stokes vector in
Poincar¢ sphere [55].

In summary, the system scheme and demodulation
algorithm of PS-OCT with two input polarization states are
much more complex than those used in PS-OCT with
single input polarization state as described in Section 2.1.
However, using two input polarization states has two
advantages: 1) It is possible to exact the local polarization
properties and diattenuation; and 2) It can be implemented
with SMF, which can be readily integrated with endo-
scopes or needle probes for clinical imaging.

In reality, during endoscopic or catheter-based imaging,
sample motion or stress-induced birefringence changes in
the fiber-optic probe can be non-negligible during the time
interval between successive A lines. To overcome this
limitation, two alternative SMF-based PS-OCT systems
that can multiplex two polarization states in one axial scan
acquisition have been developed. One approach modulates
the two polarization states with different frequencies,
namely, frequency multiplexing using electro-optic or
acousto-optic devices. The other approach employs a
passive polarization delay unit, namely, depth multi-
plexing.

Frequency-multiplex approach simultaneously illumi-
nates and detects two polarization states, as depicted in
Fig. 3. In this method, the light in the sample arm is split
into two intrinsic polarization states. Each state is then
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Fig. 3 Schematic diagram of a PS-OCT using frequency multiplexing [46]. WSL, wavelength-swept laser, RM, reference mirror; PDD,
polarization diverse detection; PBS, polarization beam splitter; FS, frequency shifter; DC, directional coupler. Two polarization states
occupy different electrical frequency bands, so the two polarization channels can be acquired simultaneously and demultiplexed in data

processing. Reproduced from Ref. [46] with permission

encoded with a distinct frequency shift using electro-optic
or acousto-optic devices prior to recombining the paths at a
directional coupler. Since the two polarization states
occupy different electrical frequency bands, the two
polarization channels can be acquired simultaneously and
demultiplexed in data processing, with additional benefit
of avoiding depth degeneracy [53], i.e., it does not need a
light source with long coherent length. However, in this
type of method, the challenge is that the electro-optic or
acousto-optic devices not only add to system cost, but also
significantly increase system complexity since they require
dedicated high speed control.

Depth-multiplex approach employs a passive polariza-
tion delay unit (PDU) to separate the information from the
two polarization states [19]. In this method, a passive
polarization dependent delay unit was added in the sample

arm, as shown in Fig. 4. The PDU induces different sample
arm path lengths for orthogonally polarized light, thus
enabling the detection of the polarization sensitive
information for two incident states simultaneously. The
OCT signals originating from the two incident states are
separated by Az in depth. However, this method requires
that the tunable light source has a long coherence length to
avoid depth degeneracy.

PS-OCT with two input polarization states can also be
implemented with PM components. Fan and Yao present a
spectral-domain PM PS-OCT using bulk optics with two
input polarization states [30,47-50]. This system [49,50]
combines a dual-delay assembly in the reference arm to
achieve independent vertically and horizontally polarized
light detection. In this method, instead of separating the
two orthogonal polarization channels in the detection arm,
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Fig. 4 Swept-source / Fourier domain OCT with a passive polarization delay unit [19]. (a) Scheme of PS-OCT with a polarization delay.
The sample and reference beam interfere at the non-polarizing beam splitter and are then split up into orthogonal polarization X and Y by a
polarizion beam splitters. The two orthogonal polarization channels are detected by two balanced photodetectors. (b) Scheme of the
passive delay unit. (c) Representative image of the location difference between the orthogonal detection channels. The OCT signals
originating from the two incident states are separated by Az in depth. PC, polarization controller; PDU: polarization delay unit; GS,
galvanometer scanner; PBS, polarizing beam splitter; NPBS, non-polarizing beam splitter; QWP, quarter wave plate; M, mirror.

Reproduced from Ref. [19] with permission
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two reference beams with different path lengths are used to
separate the two orthogonal detection channels in the depth
direction, which also can be considered as a form of depth
multiplexing. The algorithm for calculating phaseretar-
dance and optical axis orientation [30,47,48] is similar to
the method of SMF based system with two input
polarization states (Eq. (8)—(17)).

3 Biomedical applications of PS-OCT

There are numerous biomedical applications for PS-OCT
including dermatology [3—11], ophthalmology [12-23],
dentistry [24-28], endoscopy [29], cardiology [30,31],
pulmonlogy [32], osteology [33,34], and neurology [35—
37]. For example, in dentistry, PS-OCT provided better
functional contrast and more detailed structural informa-
tion than conventional OCT, which has the potential to be a
powerful tool for research of dental formation and caries
diagnosis [24-28]. In pulmonlogy, PS-OCT provides
complementary information that may be leveraged to
ensure that the collected specimens have high tumor
content by avoiding tumor-negative tissues including
fibrosis [32]. In osteology, PS-OCT could be a useful
tool to study collagen organization within the interverteb-
ral disc in vitro and possibly in vivo and its variation with
applied load and disease [34]. Here, we focus on three
important applications of PS-OCT: eye, skin, and brain.

3.1 PS-OCT imaging of eye

PS-OCT provides interesting new tissue specific informa-
tion in ophthalmology. In cornea [12], the knowledge of
the phase retardation and the optics axis distribution of the
cornea might improve nerve fiber polarimetry for glau-
coma diagnostics and could be useful for diagnosing
different types of pathologies of the cornea [12]. In retina
[14-22], PS-OCT enables the differentiation of several
layers within the retina due to the different light-tissue
interaction mechanisms. The retinal layers can be categor-
ized into polarization preserving layers (e.g., photoreceptor
layer), birefringent layers (e.g., retinal nerve fiber layer
(RNFL), or Henle’s fiber layer) [14—19,22], and depolar-
izing (polarization scrambling) layers (e.g., retinal pigment
epithelium (RPE)) [20,21]. In anterior eye chamber [23],
PS-OCT can quantitatively evaluate the risk of angle-
closure glaucoma and detect the landmark structures, such
as trabecular meshwork.

Here, we focus on the application of PS-OCT in RNFL
[19]. RNFL birefringence can be assessed using PS-OCT
system, which might be an important marker for glaucoma
diagnostics in addition to the nerve fiber layer thickness. In
this application, PS-OCT system is SMF-based with depth
multiplex. Figures 5(a) and 5(b) are OCT fundus projection
image and the color fundus photo. Figure 5(c) is the
reflectivity image extracted from the same data volume.

RNFL birefringence can be observed as a color change
from blue to yellow in the corresponding phase retardation
image in Fig. 5(d). A fundus phase retardation map is
shown in Fig. 5(e). In this map, the birefringent RNFL is
clearly visible around the optic disk. Some interaction
between the birefringent Henle’s fiber layer and uncom-
pensated birefringence of the cornea can be observed in the
fovea region. A similar retardation pattern around the optic
disk can be observed in the RNFL map generated with a
commercial scanning laser polarimeter in Fig. 5(f) [19].

This example demonstrates the ability of PS-OCT to
measure the birefringence of RNFL. This is especially
interesting for diagnosis of glaucoma. In addition, PS-OCT
can reliably segment and identify the retinal pigment
epithelium layer, which makes PS-OCT a valuable tool for
age-related macular degeneration (AMD) diagnosis [21].
Therefore, PS-OCT might become a valuable tool for
several clinical applications in ophthalmology.

3.2 PS-OCT imaging of skin

PS-OCT reveals birefringent regions within the dermis
corresponding to the location of collagen fibers. Especially,
the properties of collagen-rich tissues including tendon and
scar tissues can be quantified [8]. For example, PS-OCT
can detect thermal damage due to denaturation of collagen
in porcine tendons. Similar changes in the polarization
were observed in thermally injured porcine skin, which
could be attributed to a reduction of birefringence, or a
change in the scattering properties. Therefore, PS-OCT has
the potential to image the structure of burned human skin
over large areas, which would be of significant benefit to
optimize the management of burn patients [3—7,9].
PS-OCT can also detect skin tumor or cancer [10,11].
Duan et al. use a polarization maintaining bulk optics PS-
OCT system to image ex vivo samples of normal and
cancerous mouse skin, which provides both intensity and
birefringence images simultaneously. They use polariza-
tion contrast of mouse skin to discriminate basal cell
carcinoma (BCC) from healthy tissues [11]. Figure 6
shows representative comparison images of the histology
and OCT data sets. The top row shows images obtained
from healthy mouse skin, and images in the middle and
bottom rows were acquired from two types of BCCs
samples, allograft and endogenous, respectively, each with
different tumor sizes. In intensity OCT images, there often
appeared a visible interface between either dermis and
hypodermis or dermis and tumor. In phase retardation
images, a trend of increasing retardation with penetration
depth in dermis can be observed clearly, indicating the
existence of birefringence; in contrast, tumorous regions
were marked by a constant phase retardation, consistent
with the expectation that the development of tumor would
reduce birefringence in tissue by distorting the alignment
of the collagen, so the polarization information can identify
the tumor more accurately [11]. PS-OCT provides a multi-
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Fig. 5 Wide field PS-OCT imaging of the human retina [19]. (a) Fundus projection image. As indicated in the color fundus photo (b). (c)
Reflectivity B-scan image on the location indicated by the arrow in (a). (d) Corresponding phase retardation image (color scale: 0°— 180°).
Increasing phase retardation due to RNFL birefringence can be observed by a color change from blue to yellow. (¢) Wide field fundus
image of phase retardation (color scale: 0° — 27°). Strong birefringence can be observed around the optic disk along the nerve fiber
bundles. (f) Scanning laser polarimetry image of the same eye taken with the Zeiss GDx. Color map below. The scanned area of 15° x 15°
is indicated by the dashed rectangle in (e). Reproduced from Ref. [19] with permission

contrast information-based analysis that can achieve good
accuracy for skin tumor detection. This study demonstrates
the potential of PS-OCT for clinical skin cancer diagnosis.

3.3 PS-OCT imaging of brain

Imaging brain with PS-OCT opens up new applications in
investigating neurological and psychiatric disorders [35—
37]. For example, PS-OCT images are highly correlated
with nerve fiber bundle location [37]. The nerve fiber
bundles in the external and internal capsules could be
identified clearly. Compared with conventional OCT, PS-
OCT has the ability to visualize nerve fiber bundles at
higher contrast. Therefore, PS-OCT has the potential to be

an intraoperative imaging modality for neurosurgery [37].
More importantly, PS-OCT can provide anatomical
information, differentiate between gray and white matters,
and quantify fiber architectures and orientations in the
brain, therefore it may offer a new solution for reconstruc-
tion of macroscopic tissues such as primate and human
brains at microscopic resolution [35,36].

Wang et al. present an optical imaging and tractography
of rat brain ex vivo using multi-contrast optical coherence
tomography (MC-OCT) with polarization maintaining PS-
OCT system, which is capable of simultaneously generat-
ing depth-resolved images of reflectivity, phase retardance,
and optic axis orientation [35,36]. Using the polarization
information of myelin sheath, nerve fiber tracts as small as



136 Front. Optoelectron. 2015, 8(2): 128-140

histology

healthy

intensity phase retardation

hypodermis

tumor

tumor

\

Fig. 6 Representative histological (left column), intensity (middle column), and phase retardation (right column) images obtained from
the same or similar locations in healthy (top row), endogenous BCC (top row), and allograft BCC (bottom row) mouse skin tissue. White
arrows indicate location of tumors. The scale bars are applicable to all images [11]. Reproduced from Ref. [11] with permission

a few tens of micrometers can be resolved and neighboring
fiber tracts with different orientations can be distinguished
in cross-sectional optical slices and 2D en face images.
Figure 7 shows en face images reconstructed from the MC-
OCT cross-sectional images to produce the sagittal view of
the rat brain. Figures 7(a) and 7(b) are microscopy image
and reflectivity of OCT, respectively. Figure 7(c) is the
phase retardance map. Multiple fiber tracts in the midbrain
are visible. Figure 7(d) is the optic axis orientation map.
The arrows indicate three groups of fiber tracts with
different orientations around the zona incerta. The use of
axis orientation information enhances the identification of
intermingled fiber tracts running across the viewing plane.
Figure 7(e) shows the implementation of 2D tractography
by utilizing phase retardance and optics axis orientation
maps. The optics axis orientation and the retardance of
fibers are encoded by color and brightness of the colors,
respectively. MC-OCT images enable visualization of the
spatial architecture and nerve fiber orientations in the brain
with unprecedented detail. The results suggest that MC-
OCT, by virtue of its direct accessibility to nerve fibers, has
the potential to investigate structural connections in normal
brain and neurological disorders [35]. In this system, the
local phase retardance is calculated by differential
retardance [35], which is valid only when the optics axis

is not changed with the sample depth [50]. In addition, the
optics axis orientation obtained by this system is also a
cumulative value rather than local axis orientation
information. To obtain local polarization information,
more complex algorithms and system of two input
polarization states [30,50,51] need to be considered.
Therefore, selection of PS-OCT configuration for each
application is a trade-off between the extracted information
and system cost/complexity.

4 Conclusions

PS-OCT enables depth-resolved mapping of sample
polarization information (such as phase-retardation and
optical axis orientation), which is particularly useful when
the nano-scale organization of tissue that are difficult to be
observed in the intensity images of a regular OCT. This
review summarizes several main methods and systems of
PS-OCT, as well as its representative applications in
biomedicine such as eye, skin, and brain. With further
technology development, PS-OCT will become more
reliable and easier to implement, therefore enabling more
clinical applications in the near future.
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(d)

®

Fig. 7 Microscopy image (a) and reconstructed MC-OCT en-face images (b—d) of a sagittal rat brain section, with comparison of
anatomy (f) [35]. Structures are labeled on the microscope image (a): cp, cerebral peduncle; CPu, caudate putamen; fi, fimbria; GP, globus
pallidus; HIPP, hippocampus; ic, internal capsule; ml, medial lemniscus; opt, optic tract; SN, substania nigra; TH, thalamus; ZI, zona
incerta. Leftward arrow: cranial; upward arrow: dorsal. Reconstructed brain maps of reflectivity (b), phase retardance (c), optic axis
orientation (d) and combined image for tractography (e) are shown. The arrows in (d) indicate three groups of fiber bundles with different
orientations. The image in (f) is modified from The Rat Brain in Stereotaxic Coordinates with permission. Abbreviations of structures: bic,
brachium of the inferior colliculus; bsc, brachium of the superior colliculus; cp, cerebral peduncle; eml- external medullary lamina; fi-
fimbria; ic, internal capsule; ml, medial lemniscus; opt, optic tract; st, stria terminalis; str, superior thalamic radiation [35]. Reproduced

from Ref. [35] with permission
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