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Abstract: A compact clinical prototype multi-functional optical coherence tomography (OCT)
device for the posterior human eye has been developed. This compact Jones-matrix OCT
(JM-OCT) device integrates all components into a single package. Multiple image functions, i.e.,
scattering intensity, OCT angiography, and the degree of polarization uniformity, are obtained.
The device has the capability for measuring local birefringence. Multi-functional imaging of
several eyes with age-related macular degeneration is demonstrated. The compact JM-OCT
device will be useful for the in vivo non-invasive investigation of abnormal tissues.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical coherence tomography (OCT) [1] is a non-invasive biomedical imaging modality that can
provide high-contrast cross-sectional and volumetric images. Several aspects of OCT technology
have been developed such as measurement speed, sensitivity, resolution, and functional extension.
Among these aspects, measurement speed and sensitivity have been significantly enhanced by
Fourier-domain OCT. Although Fourier-domain OCT enables high-contrast three-dimensional
imaging, it provides only an intensity-based image that visualizes tissue structure by employing
the intensity of backscattered light. Several functional extensions have been developed to enable
the investigation of other properties of tissues.

OCT angiography (OCTA) is a recently developed technology and has been rapidly adapted
for ophthalmology. The first in vivo non-invasive OCT based angiography, which was based
on Doppler OCT, was demonstrated in 2006 [2]. After this first demonstration, several OCTA
methods have been developed, such as phase variance [3,4], intensity correlation [5-7], and
complex-based algorithms [8—10]. The clinical utility of OCTA was investigated in several
diseases including age-related macular degeneration (AMD) [11], diabetic retinopathy [12,13],
and glaucoma [14]. As the clinical utility of OCTA has become widely accepted in ophthalmology,
OCTA functionality has been integrated into state-of-the-art commercial OCT devices.

Polarization-sensitive OCT is another functional extension that contrasts tissues with polar-
ization properties, such as phase retardation [15,16] and the randomness of the polarization
state such as degree of polarization uniformity (DOPU) [17]. In ophthalmology, various clinical
studies for both anterior [18-21] and posterior [22-27] segments of the eye have been reported.
Among several subtypes of polarization-sensitive OCT, Jones-matrix OCT (JM-OCT) can obtain
polarization properties with simple single-mode-fiber optics [28-31]. This approach obtains the
Jones matrix of the optical system including the tissues from an input polarization state separator
(or modulator) to a polarization detector. The polarization properties of the tissues are then
extracted from the Jones matrix. There are several derivative methods for extracting polarization
properties such as those that use the Miiller—Jones matrix [32—35] or covariance matrix [36].

#373211 https://doi.org/10.1364/BOE.10.005724
Journal © 2019 Received 19 Jul 2019; revised 1 Oct 2019; accepted 2 Oct 2019; published 14 Oct 2019


https://orcid.org/0000-0002-6614-3640
https://orcid.org/0000-0003-1645-7948
http://optics.bk.tsukuba.ac.jp
https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.10.005724&amp;domain=pdf&amp;date_stamp=2019-10-14

Research Article Vol. 10, No. 11/1 November 2019/ Biomedical Optics Express 5725 |

Biomedical Optics EXPRESS o~

Recently developed retinal multi-functional OCT simultaneously visualizes scattering intensity,
blood flow, and polarization properties. In 2012, swept-source based JIM-OCT, which consists of
only passive optical components, was developed [37,38], one of which enables the simultaneous
imaging of multiple properties [37]. Ju et al. also developed an advanced prototype of JM-OCT
[39], and they demonstrated the simultaneous measurement of sensitivity-enhanced intensity,
power of Doppler shift, DOPU, and cumulative phase retardation. In 2014, an investigation
to the imaging of exudative AMD using this JM-OCT prototype was reported. This device
simultaneously visualized vasculature abnormalities, retinal pigment epithelium (RPE) defects,
and fibrotic lesions [25].

Several clinical-grade retinal multi-functional OCT have been demonstrated. We developed
the first clinical JIM-OCT device [40] that was designed to operate in a clinic. Local birefringence
imaging of the posterior part of the eye was demonstrated with both normal and pathologic subjects.
In addition to this fully functional IM-OCT device, a simplified clinical-grade multi-functional
OCT device was developed [41]. This simplified multi-functional OCT has all image functions
except for birefringence. The reduction of birefringence measurement capability eliminates the
requirement of input-polarization multiplexing. Hence, this simplified multi-functional OCT is
as compact as a commercially available OCT device.

Several clinical studies using clinical multi-functional OCT prototypes have been reported
[27,42,43]. The images of multiple properties obtained by JM-OCT can be used to generate
“synthetic images.” For example, the recently presented composite en face image projection
combining OCTA and DOPU is suitable for detecting RPE damage and abnormal vasculature
simultaneously [41]. Another example of image synthesis is the generation of a tissue-specific
image. For instance, an RPE-melanin image can be generated by synthesizing attenuation,
OCTA, and DOPU images obtained by JM-OCT [44]. This approach enables easier and more
comprehensive interpretation of JM-OCT data [43]. Hence, JM-OCT is a promising modality for
clinical applications.

In this paper, we further develop a clinical JM-OCT device that provides multiple image
functions including conventional scattering intensity, OCTA, DOPU, and birefringence. The
clinical-grade JM-OCT device was developed by integrating the system components of swept-
source OCT and additional components for Jones matrix measurements in a retinal scanning unit.
This developed device achieves a compact footprint by employing encapsulated optical modules.
However, the compact packing of the device resulted in an undesired elevation in temperature of
fiber couplers that destabilized the optical power of the probe beam. This issue has been resolved
by using a temperature-stabilized fiber component. The clinical utility of the developed IM-OCT
device is demonstrated by measuring pathologic subjects.

2. Clinical-grade posterior eye Jones-matrix optical coherence tomography
2.1.  System configuration

A schematic diagram of the developed clinical posterior JM-OCT device using the passive-
component-based JM-OCT method [37—40,45] is shown in Fig. 1. The optical system of the
interferometer, which is built with single-mode optical fibers, consists of a variable reference
delay line (150-mm optical distance, VDL-06-50-SM, Advanced Fiber Resources, Hong Kong),
a retinal scanning unit, and two optical modules. One of the modules is a passive polarization
delay module (PDM; DE-G043-10, Optohub Co. Ltd., Saitama, Japan), which separates an
input light into two orthogonal polarization states and applies a delay between them. The other is
a polarization-diversity and coherent-detection module (PDCDM; DE-G036-10, Optohub Co.
Ltd., Saitama, Japan), which makes the light from two input ports interfere, splits orthogonal
polarization states, and converts the interference signal to an electric signal using two balanced
photo detectors.
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Fig. 1. Schematic diagram of the developed JM-OCT device. (a) Light source and
FBG trigger unit, (b) reference delay, (c) passive polarization delay module (PDM), (d)
polarization-diversity and coherent-detection module (PDCDM), (e) calibration mirror, and
(f) scanning head. FBG: fiber Bragg grating, APD: avalanche photo detector, BPD: balanced
photo detector, DM: dichroic mirror, FC: fiber collimator, LP1, LP2: linear polarizers, NPBS:
non-polarizing beam splitter, PBS: polarizing beam splitter, PC1, PC2, PC3: polarization
controllers, and RAP: right-angle prism.

Light is emitted from the wavelength sweeping light source with a scanning frequency of 100
kHz (AXP50124-3, Axsun Technologies, MA, USA) and goes into a 99:1 coupler. The 1 %
part of the light is directed to the fiber Bragg grating (FBG). The light of a certain wavelength is
reflected by the FBG, hence, it is a good signature of the temporal timing of a wavelength sweep.
The light reflected from the FBG is detected by an avalanche photodiode (APD), and this signal
is used as a trigger for each wavelength sweep acquisition.

The remaining 99 % of the light from the 99:1 coupler is divided by a 90:10 fiber coupler. The
90 % portion of the light is directed into the PDM of the probe arm. By passing through the
PDM, two orthogonal incident polarization states are multiplexed with respect to optical path
length. The light from the output port of the PDM is then split by an 80:20 coupler. The 80 %
portion of the light is directed to the phase calibration mirror, which is used to reflect and provide
the phase calibration signal to the detectors [39].

The remaining 20 % portion of the light is guided into the probe arm where the optical
fiber is connected to a retinal scanning unit. The retinal scanning unit consists of a two-axis
galvanometric scanning mirror, which is controlled by a multifunctional I/O device (PCle-6323,
National Instruments, TX, USA), a complementary metal-oxide-semiconductor (CMOS) image
sensor for monitoring the pupil of the subject, a fixation target made with a matrix LED panel
for guiding the subject’s eye, a motorized focusing lens, and a motorized alignment stage. The
power of the probe beam is 1.4 mW on the cornea, which satisfies the safety standard defined by
the American National Standards Institute [46].

The backscattered light from the sample and calibration signal are recoupled by the 80:20
coupler, and the 80 % portion of the light is directed to a PDCDM. The backscattered probe beam
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and reference beam are recoupled in the PDCDM, and two orthogonal polarization components
are independently detected by built-in balanced detectors.

The two output signals of the PDCDM pass through 1-MHz high pass filters and 250-MHz low
pass filters (HP1CH3-0S and LP250CH3-0S, 7th—order type—I Chebyshev, R & K, Shizuoka,
Japan) and are directed into two analog input channels of the digitizer (ATS9350, Alazar
Technologies Inc., Quebec, Canada). The analog input signals are digitized at 12-bit resolution
with a sampling rate of 500 MS/s using an internal clock of the digitizer. Each spectrum is
sampled with 2,560 sampling points per wavelength scan.

The sensitivity of each polarization channel has been measured and the average of sensitivities
is 88.7 dB. The coherently composing 16 complex OCT signals (4 channels X 4 B-scans, see Sec.
2.4) will provide OCT intensity image which is comparable to that of an OCT device with 94.7
dB. The axial resolution was measured to be 8.5 um in air, which is corresponding to the axial
resolution of 6.2 um in tissue (1.38 refractive index).

2.2. Compact JM-OCT implementation
2.2.1. Compact optical module

As shown in Fig. 2, the size of the developed JM-OCT device is dramatically smaller than
conventional JIM-OCT devices [39,40]. The developed JM-OCT device was designed and
implemented to mount all optical components on a retinal scanning unit that was developed by
the Tomey Corporation, whereas the retinal scanning unit and other optical components are built
separately in conventional IM-OCT devices. Because the scanning unit is motorized to translate
the retinal scanning interface, an operator can easily move around the interface.

7 // N \
Polarlzatlon-dl rSIty :
and coherer\t
detectlon module

J Polarization dela
module

Fig. 2. Pictures of the developed JIM-OCT device (a), developed IM-OCT device without
cover (b), encapsulated polarization-diversity and coherent-detection module (PDCDM) and
passive polarization delay module (PDM) (c), top view of the developed JM-OCT device
(d), and side view of the developed JM-OCT device (e).

To make the size of the JM-OCT device compact, we employed an encapsulated PDM and
PDCDM. The total volumetric size of this PDM and PDCDM was reduced to approximately
one hundredth the size of the previous PDM and PDCDM [39]. This compact manufacturing is
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achieved by removing the mechanics for the alignment of the optical elements. The previous
PDM and PDCDM consist of not only optical elements but also their alignment mechanics,
and it increases the size of modules. In contrast, the new compact modules use a micro-optics
integration technique, by which the optical elements are finely aligned before they are rigidly
fixed onto the base plates.

2.2.2. Temperature-stable implementation

Although placing all components into a single package enabled the developed JM-OCT device to
have a compact housing, this tight implementation caused another issue: temperature elevation
in the package. Namely, the change in temperature around the optical fiber couplers results in
probe power alteration. In detail, as shown in Fig. 1(c), the incident beam of the PDM first passes
through the linear polarizer LP1. Hence, the throughput of the PDM as well as the probe power
are affected by the polarization state of the incident beam. To maximize the throughput, the
polarization state of the incident beam is carefully optimized by fiber polarization controller PC1
during the system building process. However, this optimization is impaired by heat-induced
polarization alteration of the coupler. In the coupler, the heat expansion at the fiber bonding
elevates the stress on the fibers and hence alters the polarization states.

In previously developed JM-OCT devices [39,40], this problem rarely happens because these
conventional devices have sufficient space between each optical component. Moreover, the
retinal scanning unit and other optical components are built separately. In contrast, the developed
compact JM-OCT device was designed to pack all optical and electric components into a single
chamber, as shown in Fig. 2. Therefore, once the retinal scanning unit is powered, the electrical
circuit board easily heats up the chamber, and it results in the probe power instability.

To solve this problem, we replaced the conventional 99:1 and 90:10 fiber couplers with new
temperature-stabilized couplers (both manufactured by Tatsuta Electric Wire & Cable Co., Ltd).
This coupler uses soft glue for the fiber bonding. Hence, its expansion does not alter the pressure
on the fiber so that the polarization property of the fiber is more robust to temperature changes
[47].

The relationship between temperature and probe power of the developed JIM-OCT device
was investigated before and after replacing the 99:1 and 90:10 couplers. The probe power and
temperature inside the retinal scanner were measured after the power supply for the scanner
was turned on. Figure 3(a) shows the time profiles of the temperature inside the retinal scanner
and the probe power of the developed IM-OCT device with the conventional and new couplers.
Whereas the probe power of the JM-OCT device with the conventional fiber couplers (circles)
decreases approximately linearly as temperature increases [Fig. 3(b)], the probe power of the
JM-OCT device with the new temperature-stabilized fiber couplers (triangle) remains almost
constant. Hence, a compact fiber-based JM-OCT device without frequent polarization state
control is achieved.

2.3. Scan protocol

A 6 mm X 6 mm area around the macular region is scanned with 512 (horizontal) x 256 (vertical)
sampling locations. For each vertical location, four repeated B-scans are acquired. In total,
524,288 A-lines are acquired. The time lag between successive B-scans is 6.4 ms. One volumetric
scan is completed within 6.6 s.

2.4. Signal processing and image formation

The acquired spectra are processed to obtain four complex OCT signals. Here, the spectral shift
correction to suppress phase fluctuation due to trigger jitter [39], re-sampling to obtain a k-linear
signal [48], digital dispersion compensation [49], Fourier transform, and fixed-pattern-noise
removal (median subtraction [50]) are applied. Sub-pixel axial shift correction among the
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Fig. 3. Probe power stability. (a) Change in probe power with respect to temperature over
time. (b) Relationship between temperature and probe power. Circles and triangles indicate
data acquired using the JIM-OCT device with conventional fiber couplers and the new stable
couplers, respectively.

four complex OCT signals [51] is applied. This also corrects the 1st-order polarization mode
dispersion.

The scattering intensity, which is similar to that of conventional OCT, is computed by coherently
composing 4 polarization channels and 4 repeated B-scans [39]. The OCTA is obtained by
complex correlation with noise correction [10]. The DOPU is computed using a noise correction
algorithm [52]. The cross-sectional DOPU images are created using the DOPU and scattering
intensity for visualization [41]. The DOPU value is used to index a color table, and the saturation
of the image is determined by the intensity.

The local birefringence is estimated by combining the depth-localized Jones matrix analysis
and subsequent maximum a posteriori (MAP) birefringence estimation [53]. Jones matrix
analysis is applied with 8-pixel depth separation (27 um in tissue with a refractive index of 1.38)
and the MAP estimation was applied using four data points of the four repeated B-scans. The
birefringence estimator provides a MAP estimate of the local birefringence and the reliability of
the estimation.

Although we obtain multiple image functions using JM-OCT, they represent optical properties
and are not tissue-specific images. Hence, some further steps are required to interpret the
images. These steps become more difficult when the three-dimensional images are converted
into lower-dimensional data such as projection images. Here, we provide an image to represent
the RPE melanin by synthesizing attenuation, DOPU, and OCTA images according to prior
knowledge of the appearance of these various images at the RPE {Eq. (1) of Ref. [44]}. We call
this image an RPE-melanin image. The segmentation of RPE pixels is obtained by binarization
of this RPE-melanin image [44].

Several en face images were created from these images. Pigment-and-flow (PAF) imaging from
the OCTA and DOPU [41] show the vasculature and the abnormalities of the vasculature and
RPE simultaneously. The projection of the RPE-melanin image represents the RPE pigmentation
distribution. The en face images are created from two or three volumes. After splitting the en
face images of each volume into sub-strips according to the large eye motion, all sub-strips were
stitched using the “Mosaic]” plugin [54] of Fiji [55], as described in [41].
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3. Result

One healthy and several pathologic subjects were scanned using the developed JM-OCT device.
Here, we demonstrate the multi-functional visualization of posterior eye tissues.

3.1. Normal healthy eye

Figure 4 shows the multi-functional images of a non-pathological subject: scattering intensity,
OCTA, DOPU, RPE-melanin image, and binarized RPE-melanin image overlaid on the scattering
intensity. Scattering intensity and OCTA images [Fig. 4(a) and (b)] show structure and blood
flow, respectively. At the outer retina under the retinal vessels, a trailing artifact is observed in the
OCTA image. Blood flow of the choriocapillaris may cause a high flow signal at the choroidal
stroma to be widespread. The DOPU image [Fig. 4(c)] shows the melanin-containing tissues as
low-DOPU regions. In this image, the RPE and choroidal stroma appear as low-DOPU regions.

Fig. 4. Multiple images obtained by multi-functional OCT with a non-pathological case.
(a) Scattering intensity, (b) OCTA, (c) DOPU, (d) RPE-melanin image, and (e) segmented
RPE (red) overlaid on scattering intensity. The scale bar indicates 0.5 mm X 0.5 mm.

The local birefringence of the nerve fiber layer [yellow circle in Fig. 4(a)] is calculated. The
weighted-average of the local birefringence with MAP estimation reliability inside of the yellow
circle is calculated as 0.56 x1073. The order of this value is in good agreement with previous
PS-OCT measurements of the nerve fiber layer’s birefringence [17,22,40,56-58].

The RPE-melanin image [Fig. 4(d)] has a high contrast between the RPE and non-RPE regions.
The binarized RPE-melanin image overlaid on the scattering intensity image [Fig. 4(e)] selectively
visualizes the RPE-melanin distribution. Near the optic nerve head (ONH) (on the left side),
the DOPU at the RPE is high [Fig. 4(c)] and hence the RPE-melanin image [Fig. 4(d)] is low
with respect to the fovea. As a result, the density of the segmented RPE pixels is low in this
region [Fig. 4(e)]. This is probably because of the melanin density has a peak at the fovea that
decreases as the ONH is approached [59]. The other possible reason is that the polarization state
of incident light on the RPE at this location has been modulated by the above thick retinal nerve
fiber layer. Because the DOPU value depends on the input polarization state [60], DOPU values
at the fovea and close to the ONH could not be compared.
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3.2. Pathological cases

To evaluate prototype device, it was installed in the Tokyo Medical University Ibaraki Medical
Center, and posterior pathologic cases were imaged. The present study adhered to the tenets
of the Declaration of Helsinki and was approved by the Institutional Review Boards of Tokyo
Medical University.

In addition to the JM-OCT images, we also obtained several images of clinical modalities
such as color fundus photography and fundus autofluorescence imaging. The near-infrared
autofluorescence (NIR-AF) images were recorded with a confocal scanning laser ophthalmoscope
(HRA 2, Heidelberg Engineering, Germany) having an excitation wavelength of 788 nm and
detected emission wavelength greater than 800 nm. The high intensity in NIR-AF is thought to
represent melanin distribution [61].

3.2.1. Case of fibrosis

Figure 5 shows an AMD subject with subretinal fibrosis. The subretinal fibrosis structure appears
as a white region in the color fundus photograph [Fig. 5(a)]. The en face PAF image [Fig. 5(d)] and
RPE-melanin image [Fig. 5(c)] show that there is a wide area of low pigmentation and abnormal
vascularization (blue ovals). The PAF image exhibits a yellow color in this region because the
abnormal blood flow signal is located above the pigmented tissues. The high RPE-melanin image
regions agree well with the hyper auto-fluorescence in the NIR-AF image [Fig. 5(b)] (green
arrows). A cross-sectional image of the scattering intensity [Fig. 5(e)] shows the subretinal
fibrosis structure as a hyperreflective region. The DOPU cross-sectional image [Fig. 5(g)] shows
that RPE melanin and choroidal stromal melanin are distributed separately. The RPE-melanin
and segmented RPE overlaid on the intensity images [Fig. 5(h) and (i)] selectively visualizes
the irregular distribution of RPE melanin. In the PAF image, there are some pink regions, as
indicated by the white arrow in Fig. 5(d). In these regions, the DOPU value at the elevated RPE
is slightly smaller than unity, and there is a substantial blood flow signal immediately under the
RPE [white circles in Fig. 5(g) and (f)]. The broad bright yellow region in the PAF image [blue
circle in Fig. 5] also exhibits a DOPU value slightly below unity, however, there is indication of
blood flow around or above the melanin layer (the cross sectional images are not shown). These
appearances may indicate defects of the RPE. In contrast, the bright yellow to white regions
[black arrows in Fig. 5] show the almost unity DOPU values at the RPE.

3.2.2. Case of retinal hemorrhage

Figure 6 shows a subretinal hemorrhage case. The color fundus image [Fig. 6(a)] shows a dark
red hemorrhage region between the optic nerve head and macula, where the dashed line indicates
the location of cross-sectional images [Fig. 6(e)—(j)]. As shown in the scattering intensity and
DOPU [Fig. 6(e) and (g)], there is an RPE elevation at the location of the hemorrhage. Above the
elevated RPE, there is a hyperreflective region [white arrow in Fig. 6(e)]. The hyper appearance
of the RPE-melanin image coincides with the moderately high auto-fluorescence pattern in the
NIR-AF [green arrows in Figs. 6(b) and (c)].

3.2.3. Cases of choroidal neovascularization

Figure 7 shows a choroidal neovascularization (CNV) subject. The scattering intensity image
[Fig. 7(e)] shows hyper-transmission beneath the RPE-Bruch’s membrane band in the center of
the fovea, which suggests the absence of RPE (white arrow). In the OCTA image [Fig. 7(f)], the
presence of CNV is shown above the hyper-transmission (green arrow). Moreover, the DOPU
[Fig. 7(g)] shows the RPE defect and thickened RPE surrounding the CNV region (black arrow).
The donut pattern corresponding to this thickened RPE is clearly visible in the RPE-melanin
projection, and it corresponds well with the NIR-AF image [blue arrows in Figs. 7(b) and (c)].
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Fig. 5. Multiple images obtained by multi-functional OCT and segmentation results for a
case with fibrosis. A color fundus photograph (a) and NIR-AF (b) were obtained. The en
face maps of (c) RPE-melanin and (d) PAF images and the cross sections of (e) scattering
intensity, (f) OCTA, (g) DOPU, (h) RPE-melanin, and (i) RPE (red) overlaid on scattering
intensity images at the dotted lines in en face maps are shown. The scale bar indicates 0.5
mm X 0.5 mm.

Figure 8 shows an AMD subject with CNV and hard exudates. The color fundus photograph
[Fig. 8(a)] shows that there are hard exudates in the inferior region (whitish orange, indicated by
a green circle), which appears as hypo-autofluorescence in the NIR-AF [green circle in Fig. 8(b)].
In the scattering intensity [Fig. 8(e)], hyperreflective materials are shown in both the subretinal
and intraretinal regions (white arrows). In the DOPU image [Fig. 8(g)], the corresponding
region shows a low DOPU appearance (white arrows). Because a previous study reported that
hard exudates appear as low DOPU [25], we suspect that this hyperreflective material can be
considered to be hard exudates. At the fovea, abnormal blood flow signals appear in the OCTA
[white circle in Fig. 8(1)]. And there are low DOPU region surrounding the CNV [orange arrows
in Fig. 8(c) and (m)]. This is maybe thickened RPE as same as shown in the CNV case [Fig. 7(c)
and (g)], however, NIF-AF shows hypo-autofluorescence at the fovea [Fig. 8(b)]. In the OCT
cross section, there is high scattering materials under the retina at the fovea [blue arrow in
Fig. 8(k)].



Fig. 6. Multiple images obtained by multi-functional OCT and segmentation results for a
subretinal hemorrhage case. A color fundus photograph (a) and NIR-AF (b) were obtained.
The en face maps of (c) RPE-melanin and (d) PAF images and the cross sections of (e)
scattering intensity, (f) OCTA, (g) DOPU, (h) RPE-melanin, and (i) RPE (red) overlaid on
scattering intensity images at the dotted lines in en face maps are shown. The scale bar
indicates 0.5 mm X 0.5 mm.

3.2.4. Subretinal hyperreflective material of AMD

Figure 9 shows the results for five AMD subjects. Three cases (upper row) show subretinal
fibrosis [Fig. 9(a)—(c)], while the other cases (lower row) show subretinal hemorrhage [Fig. 9(d)
and (e)]. All subjects show hyperreflective material in the OCT, which were recently referred
to as subretinal hyperreflective material (SHRM) [62,63]. The quantitative nature of the
birefringence measurement enables the quantitative comparison of SHRM birefringence. The
local birefringence values of SHRM [yellow circle in Fig. 9(a)—(e)] are calculated by weighted
average with the MAP estimation reliability. The pixels that exhibit low DOPU values (< 0.9)
are excluded from the calculation to avoid unreliable local birefringence estimates. The mean
value of estimated local birefringence in the yellow circle regions of interest are 2.09 x1073, 1.96
%1073, and 1.96 x1073 in the fibrosis cases and 1.28 x1073 and 1.22 x1073 in the hemorrhage
cases. Hence, we quantitatively conclude that the birefringence of the SHRM in the fibrosis case
is larger than that in the hemorrhage case.
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Fig. 7. Multiple images obtained by multi-functional OCT and segmentation results for a
CNV case. A color fundus photograph (a) and NIR-AF (b) were obtained. The en face maps
of (c¢) RPE-melanin and (d) PAF images and the cross sections of (e) scattering intensity,
(f) OCTA, (g) DOPU, (h) RPE-melanin, and (i) RPE (red) overlaid on scattering intensity
images at the dotted lines in en face maps are shown. The scale bar indicates 0.5 mm X 0.5
mm.
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Fig. 8. Multiple images obtained by the multi-functional OCT and segmentation results
for a CNV case. A color fundus photograph (a) and NIR-AF (b) were obtained. The en
face map of (c) RPE-melanin and (d) PAF image and the cross sections of (e, j) scattering
intensity, (f, k) OCTA, (g, 1) DOPU, (h, m) RPE-melanin, and (i, n) RPE (red) overlaid on
scattering intensity images at the dotted lines (1: e—i, 2: j—n) in en face maps are shown.
The scale bar indicates 0.5 mm X 0.5 mm.
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Fig. 9. Several cases with subretinal hyperreflective material. OCT intensity images in (a,
b, ¢) fibrosis cases and (d, e) hemorrhage cases. The local birefringence values are measured
in the yellow circles.
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4. Discussion
4.1. DOPU vs RPE-melanin image

The content of melanin in tissue is one of sources causing the randomness of the polarization
state of backscattered light [64]. Hence, a DOPU image was used to visualize the abnormality of
the RPE, which is melanin-rich tissue [27,43,65,66]. However, DOPU also exhibits melanin in
the choroid [42,67]. Hence, tissue discrimination is required to correctly map the RPE integrity
[43,66]. In this paper, we introduced the RPE-melanin imaging by combining multiple image
functions.

To demonstrate the power of the RPE-melanin image, we compared three types of en face
images. The first one is an en face projection of the DOPU, the second is an en face projection of
RPE-melanin image, and the third is NIR-AF, which is one of the standard methods for assessing
RPE abnormality. The en face RPE-melanin images are created by summing the values along
depth. Figure 10 shows the obtained en face images of two subjects. The en face projections
of the RPE-melanin image visualize specific patterns of signature of abnormalities and which
agrees well with the hyper-autofluorescence patterns of NIR-AF images in both the CNV and
subretinal fibrosis subjects. However, some specific patterns are not visible in the case of the en
face projection of the DOPU [green circles in Fig. 10(a, c, e) and green arrows in Fig. 10(b, d, f)].
Because the RPE-melanin image suppresses the contribution from choroidal stromal melanin, the
RPE-melanin images enhance the contrast of RPE melanin. The en face map of RPE-melanin
image offers suitable imaging for the qualitative assessment of RPE melanin.

Projection of

RPE-melanin image NIR-AF

Projection of DOPU

i

Fibrosis

Fig. 10. En face projections of (a, b) DOPU and (c, d) RPE-melanin image, and (e, )
NIR-AF of (a, ¢, ) CNV and (b, d, f) fibrosis subjects. Some abnormal signatures are not
appeared in DOPU projection (green circle and arrow), while high melanin signal patterns in
RPE-melanin image are in good agreement with hyper-autofluorescence pattern of NIR-AF.
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4.2. Comparison of system specifications with those of other clinical JM-OCT devices

The presented clinical prototype JM-OCT uses the same specifications of the light source and
digitizer to those of previous prototypes [40,41]. Hence, the basic performance of OCT imaging,
such as resolution and sensitivity, are similar, as shown in Table 1.

Table 1. Comparison of the specifications of the proposed device with those of the posterior eye
JM-OCT devices developed by Sugiyama et al. [40] and Makita et al. [41].

Presented device Clinical test type Simplified device
[40] [41]
Probe power [mW] 1.4 1.4 1.0
Sensitivity! [dB] 88.7 91.6 89.5
Sensitivity roll-off [dB/mm] -0.63 -0.63 -0.75
Resolution (axial, in [um] 8.5 8.9 8.3

air)

Available function

Intensity, OCTA,

Intensity, OCTA,

Intensity, OCTA,

DOPU, phase DOPU, phase DOPU
retardation retardation
Data size? [GB] 5 5 2.5
Imaging range (axial, [mm] 22 22 2.7
in tissue)
Footprint [cm] 40 x 30 100 x 30 54.5 x53.5

! Average of all polarization channels
2512 x 256 x 4 A-lines

The previous IM-OCT prototype requires an additional module box to package the bulk optics
of the PDM and PDCDM parts [40]. Hence, the footprint is still large compared with commercial
OCT devices. It also requires an optic fiber to connect the optical module and a retinal scanning
head. Hence, the polarization state of the probe beam alters when the scanning head moves. The
compact package size and light load of data acquisition and processing are obtained by discarding
the ability to measure phase retardation [41]. The prototype presented in this paper achieves both
a compact size and the full functionality of JIM-OCT.

4.3. Computational time

One disadvantage of multi-functional imaging by JM-OCT is its long computational time. This
slow speed is mainly caused by the MAP estimation in the birefringence image computation.
In the original demonstration of a MAP estimator for birefringence estimation processed by a
Windows 10 PC with Intel Core i7-4910MQ CPU and 16 GB RAM, it takes 31 s with four frames
of repeatable B-scans [53]. If the volumetric scan consists of 256 B-scans, the birefringence
estimation would take approximately 132 minutes.

To accelerate the computation of multi-functional OCT images, the developed JM-OCT
system exploits GPU processing for image formation. The processing time of local birefringence
estimation was reduced to approximately 1 s with four-frame repetition on a Windows 10 PC (Intel
Core i9-7900X CPU and 128 GB RAM, NVidia GeForce GTX 1080 Ti). The total time needed
to process the sensitivity-enhanced scattering, OCTA, DOPU, and MAP of local birefringence is
approximately 12 minutes. The tissue-specific image synthesis and en face PAF imaging take 1
minute each.
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4.4. Multi-functional imaging of subretinal hyperreflective material and hyperreflective
foci

SHRM is a biomarker of AMD treatment with anti-vascular endothelial growth factor drugs [68].
SHRM may contain different types of tissue such as exudates, blood, neovascularization, and
fibrin. Because all these types of tissues are similarly hyperreflective, it is difficult to differentiate
them using only conventional scattering-based OCT.

Multi-functional OCT imaging might be useful for the sub-type classification of SHRM. For
example, it was reported that OCTA is useful for discriminating vascular and avascular SHRM
[69,70]. In addition, as we have shown in Section 3.2.4, the SHRM of fibrosis and hemorrhages
show different birefringence properties. The JIM-OCT may better discriminate SHRM subtypes
than standard OCT.

In addition to the SHRM, the presence of hyperreflective foci in the intraretinal layer is also
considered to be a candidate AMD biomarker [71-73]. Several mechanisms are expected to be
the origin of the hyperreflective foci, such as lipofuscin aggregation and RPE migration [72],
and hence it is natural to think that hyperreflective foci may also have some subtypes. Among
several modalities, DOPU imaging with polarization-sensitive OCT has shown the potential to
discriminate hyperreflective foci originating from RPE melanin [27,74]. Similarly, JIM-OCT
might have the ability to discriminate RPE-originated hyperreflective foci.

These abilities of IM-OCT indicate that it is a promising diagnostic tool for AMD.

5. Conclusion

A clinical-grade multi-functional OCT device based on JM-OCT has been developed. The in vivo
posterior eye imaging of AMD subjects suggests that this method enables the differentiation of
abnormal tissues. We believe that posterior eye imaging using the developed system will advance
the investigation of eye diseases and exploration of clinical applications of multi-functional OCT
in ophthalmology.
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