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Abstract of dissertation

Exudative macular diseases threaten vision ability of humans. When the disease pro-
gressed, they are frequently appear with abnormal choroidal neovascularization (CNV).
For normal visual function, eye acquires nutrition and excretes metabolic end products
through blood circulation. And retinal pigment epithelium (RPE) layer, located between
retina and choroid, plays significant role in metabolism and regulation of the retina. Hence,
abnormalities of the vasculature or RPE are important indicators of ocular malfunction.

Optical coherence tomography (OCT) is a noninvasive imaging modality which pro-
vides cross-sectional images at a micrometer scale. OCT has been successfully utilized
in ophthalmic diagnosis owing to the optical biopsy images of anterior and posterior of
eye, which was not available before the OCT appearance. It became possible to observe
the pathologic progress in cross-section, OCT changed paradigm of ophthalmic diagnosis
dramatically. Even though the structural OCT has been well utilized in ophthalmology,
there was limitation for blood flow or vasculature and RPE imaging. Hence, in the case of
diseased eye, pathologic changes make it difficult to interpret structural OCT image. In
order to supplement the limitation, functional extension was tried in OCT technology.

Penetration into posterior eye is dependent on the probe band. And 1-um probing
beam is promising for the deep posterior, choroid and sclera, imaging due to its low
absorption in RPE and low scattering in tissue. Swept-source OCT (SS-OCT) became
common for the 1-um probe band and robust against motion artifacts. Multi-functional
imaging of posterior eye was implemented with 1-pm SS-OCT, in order to detect abnormal
vasculature and retinal pigment epithelium (RPE). For the vasculature imaging, Doppler
shift induced by motion of red blood cell was calculated and flow of blood is contrasted
to the static tissue. Software-based phase stabilization algorithm was introduced for the
phase-stability of system. For the imaging of blood flow and vasculature, bidirectional
Doppler mode and high-sensitive Doppler mode were imployed, with different scanning
protocol. Vasculature imaging was applied to ten cases of diseased eye and abnormal
vessels are identified from all cases. And obtained vasculature pattern was similar with
that of current angiographic method which use dye injection. Noninvasive vasculature
imaging with OCT might be useful in ophthalmic diagnosis as an alternative of dye based
angiography. For the RPE imaging, degree of polarization uniformity (DOPU) was uti-
lized from data obtained with Jones-matrix polarization-sensitive OCT. Multi-functional
imaging was done by simultaneous measurement of vasculature and RPE, and it was ap-
plied to six cases of diseased eye with single measurement. Abnormal RPE was detected
from six cases and abnormal vessel was detected from five cases. Clinical utility of the
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multi-functional imaging of posterior eye has been shown.
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Chapter 1

Introduction

1.1 Exudative macular disease

Human eye is unique optical organ which plays role for vision sensing, however, ocular
degeneration, occurred by the genetic background, food intake, living habits and getting
age, threaten the vision ability of human. Pathological or degenerative myopia (excess -6D)
is a leading cause of blindness worldwide and it is particularly common in Asian countries
[1,2,3]. Age-related macular degeneration (AMD) is the leading cause of irreversible
legal blindness in persons older than 60 years in the developed countries [4,5]. When the
degeneration is progressed more severely, the above diseases result in the generation of
choroidal neovascularization (CNV) in the sub-retinal pigment epithelium (sub-RPE) or
intra-neurosensory retinal layer. The CNVs are classified into two pathologic types: type
I (or occult) CNV and type II (or classic) CNV. Type I CNV originates from choroid and
extends under RPE and subsequent detachments of RPE and choroid eventually occur,
whereas type II CNV penetrates RPE to expand in the intra-neurosensory retinal layer [6].
Polypoidal choroidal vasculopathy (PCV) is a form of type I CNV and it is characterized
by a branching vascular network (BVN) terminating in polypoidal lesions [7,8] In Asia,
polypoidal CNV represents between 56 % and 72% of all neovascular AMD patients [1].

1.2 Ocular blood circulation

Eye acuqires nutrition and excretes metabolic end products through blood circulation,
and thus the abnormality of the vasculature is an important indicator of malfunction in
the eye [9,10,11]. Therefore, the examination of ocular vascular integrity is important in
ophthalmic diagnosis. Fluorescein angiography (FA) and indocyanine green angiography
(ICGA) are currently commonly used angiographic methods used in ophthalmology [12].
With FA, which is a standard modality, retinal structure is satisfactorily visualized; how-
ever it is often difficulto to visualize choroidal vasculature because of the short excitation
wavelength (520 nm) of the sodium fluorescein dye. In contrast, the choroidal vasculature
is adequately visualized with ICGA because of the longer excitation wavelength (830 nm)
of the indocyanine green dye. In those reason, the two angiogaphies are associatively
used for the diagnosis. However, these two methods require dye injection to enhance the
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Figure 1.1: Summary of retinal pigment epithelium (RPE) functions. PEDF: pigment
epithelium-derived growth factor, VEGEF: vascular epithelium growth factor, Epithel: ep-
ithelium. Reprinted from Ref. [16]

contrast of the vessels, the dye injection process is uncomfortable for patients, and some
adverse allergic reactions may be induced they are uncomfortable for the patients, and
they are sometimes associated with severe adverse reactions [13,14,15].

1.3 Retinal pigment epithelium

Retinal pigment epithelium (RPE) is a monolayer of pigmented cells and located between
retina and choroid. RPE plays significant role in metabolism and regulation of the retina.
Fig. 1.1 summarizes several functions of RPE; RPE transports nutritients and metabolic
end product between photorecetpors and choriocapillaries, absorbs excess light to protect
retina against photo-oxidation, maintains the excitability of photoreceptor outer segment
(POS), helps the regeneration of POS by phagocyte the end of POS [16].

In those reason, any disturbance of the RPE can lead to severe visual impairment. FA
and fundus auto-flurorescence are utilized for the diagnosis of RPE integrity. Leakage of
dye in the late-phase of FA and low auto-fluorescence in fundus auto-fluorescence (FAF)
represent RPE damage [17,18], however the observation is sometimes struggled by severe
hemorrhage. Hence, a direct visualization of the RPE would be considerable diagnostic
value.

1.4 Optical coherence tomography

Optical coherence tomography (OCT) is a noninvasive imaging modality that produces
cross-sectional images at a micrometer scale based on the principle of low-coherence in-
terferometry [19,20,21]. Rapid imaging with High-resolution was available with Fourier-
domain OCT method [22,23]. And OCT has been widely applied for ophthalmology,
dermatology, dentistry, gastroenterology, and cardiology. Among them, ophthalmic OCT



1.5. AIM OF THIS THESIS 3

has been a successful application owing to the optical biopsy images of anterior or posterior
of eye. Because human eye is optical organ, there is limitation for taking biopsy. However
after the appearance of OCT, it became possible to observe the pathologic progress in cross-
section, and OCT changed the paradigm of ophthalmic diagnosis dramatically. Posterior
eye is layered structure which is composed of several types of neurons and high-resolution
depth-resolved OCT image characterizes the retinal structure even with three-dimensional
imaging. Abnormality of posterior eye is able to be detected by a morphological change
in cross-sectional OCT image.

Even though the structural OCT was successfully utilized in ophthalmology, there was
limitation for blood flow or vasculature and RPE imaging. Athougth the vessels and RPE
are distinguishable with other tissue with different scattering property, it is limited for
normal eye. In the cases of diseased eye, pathologic changes make it difficult to interpret
structural OCT image. In order to supplement the limitation, functional extension was
tried in OCT technology.

Doppler OCT was introduced for the blood flow velocity measurement [24,25,26,27,28],
for that, Doppler shift frequency induced by flowing red blood cells in the sample was
measured. In the begining of Doppler OCT, research was focused on the measurement of
blood flow dynamics, and recently, vasculature imaging also attract researcher’s attention.
For the vessel contrast imaging, variations of Doppler OCT were introduced [29,30, 31].

Polarization-sensitive OCT (PS-OCT) is an another functional extension, which is ca-
pable of measuring the polarization properties of sample, such as birefringence, diattenua-
tion, and optic-aixs orientation [32,33,34,35,36,37,38,39,40]. As ophthalmic applications
of PS-OCT, contrast to fibrosis tissues [41,42,43,44,45], RPE segmentation [46,47], and
quantitative assessment of nerve fibers [48,49, 50] were demonstrated.

1.5 Aim of this thesis

Recently, 1-pum band swept-source OCT (SS-OCT) became a common OCT for ophthalmic
application, because it has advantage of deep-penetration into choroid [51], robustness to
the sample motion [52], long measurement range in depth [53], and fast imaging speed [54].
However, there is challenging issue in 1-um SS-OCT for the implementation of Doppler
OCT and PS-OCT, it is phase stabilization.

In this dissertation, clinically applicable functional-extensions of SS-OCT were dis-
cussed. First, blood flow and vasculature imaging was implemented with 1-um SS-OCT
based on fully numerical phase stabilization [55] as discussed in Chapter 2, and its clin-
ical utility was examined with 10-cases of exudative macular diseased eye as discussed
in Chapter 3 [56]. Simultaneous imaging of vasculature and polarization properties was
implemented with passive-component Jones matrix SS-OCT [57] and its clinical utility
was examined with 6 cases of diseased eye as discussed in Chapter 4.
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Chapter 2

High-penetation Doppler Optical

Coherence Angiography
(HP-OCA)*

2.1 Introduction

Human tissues, including those in the eye, are fed and they excrete waste through blood
circulation, and thus, the abnormality of the vasculature is an important indicator of
malfunction in the eye [9,10,11]. Therefore, the examination of ocular vessels is important
in ophthalmic diagnosis. Fluorescein angiography (FA) and indocyanine green angiography
(ICGA) are current angiographic methods used in ophthalmology. However, they require
dye injection to enhance the contrast of the vessels, they are uncomfortable for the patients,
and are sometimes associated with severe adverse reactions [15].

OCT is a noninvasive imaging modality that produces cross-sectional images at a
micrometer scale [19]. Doppler OCT is an extension of OCT that is capable of detecting
the Doppler shift of a probe beam to provide blood flow contrast with a depth-resolved
tissue structure [58,59]. On the other hand, Fourier-domain (FD) OCT, which is a second-
generation OCT, enables rapid, three-dimensional volumetric imaging [22,23,60,61]. In
FD-OCT, the Doppler frequency shift is calculated from the phase difference between
adjacent A-lines; for this phase difference calculation [27,28,62], high phase stability is
required. Although there are several other methods of increasing the contrast of vessels
using the Doppler effect, such as Doppler standard deviation imaging [29], phase-variance
OCT [30], and joint spectral and time domain OCT [31], phase difference methods are the
most common because of their simplicity of implementation [25,27,28].

*The portions of this chapter have been published in the following articles:
Y.-J. Hong, S. Makita, F. Jaillon, M. J. Ju, E. J. Min, B. H. Lee, M. Itoh, M. Miura, and Y. Yasuno,
?High-penetration swept source doppler optical coherence angiography by fully numerical phase stabiliza-
tion,” Optics Express 20, 2740-2760 (2012).
Y.-J. Hong, M. Miura, S. Makita, M. J. Ju, B. H. Lee, T. Iwasaki, and Y. Yasuno, ”Noninvasive inves-
tigation of deep vascular pathologies of exudative macular diseases by high-penetration optical coherence
angiography,” Investigative Ophthalmology & Visual Science 54, 3621-3631 (2013).
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To supplement current angiographic methods, optical coherence angiography (OCA)
was developed; it is based on the 840-nm spectral domain (SD) Doppler OCT [63].
Recently, there were reports that several ocular diseases, myopia, central serous chori-
oretinopathy (CSC), and age-related macular degeneration (AMD), are related to choroidal
properties [2,64,65]. Although the 800-nm band SD-OCT-based OCA was able to mea-
sure retinal vessels, its ability to examine choroid was limited. This is mainly because the
800-nm-band probing beam is strongly absorbed by both the melanin in retinal pigment
epithelium (RPE) and the choroid, and thus, penetration into the deep choroid is low.
To obtain high penetration into the choroid, in vivo retinal OCT at 1-pym was demon-
strated [51,66,67,68,69,70]. The low absorption of melanin at a wavelength of around 1
pm enables high penetration into the choroid.

Recently, swept-source (SS) OCT became a common option to implement 1-pm OCT
because of its advantages over SD-OCT, including robustness to motion [52], a long mea-
surement range in depth due to short instantaneous line-width [53], k-linear sampling,
compactness [53], and high imaging speed [54, 71].

However, SS-OCT typically has jitter in synchronization between the wavelength sweep
and data acquisition; this jitter causes random spectral shifts among interference spec-
tra and results in low phase stability. This low phase stability is a critical problem for
phase-sensitive OCT modalities including Doppler OCT. To resolve this issue, previously
demonstrated SS-Doppler-OCT commonly utilized a stationary mirror or a glass plate in
the sample arm [72,73,74]. In this scheme, the unstable phase is measured by monitoring
the phase of the mirror or the glass plate and is then corrected numerically. Although
this method successfully enhances the phase stability, it requires additional hardware in
the sample arm, and thus, it makes the system more complicated and limits the depth
measurement range. Recently, Braaf et al. demonstrated phase stabilized SS-OCT which
stabilizes the phase by using a separate Mach-Zehnder interferometer from an OCT inter-
ferometer [75]. Although this system demonstrated excellent phase stability and did not
sacrifice depth imaging range, it still requires additional hardware complexity.

In this study, I demonstrate a high-penetration Doppler OCT and OCA based on
high-speed 1-pm SS-OCT with a custom-made, fully numerical OCT phase stabilization
method without needing any additional calibration hardware. Bidirectional choroidal
blood flow and vasculature imaging are then demonstrated. This method does not require
any additional calibration hardware, and thus, can be used with any SS-OCT system with
a simple software update.

2.2 Methods

2.2.1 Swept-source optical coherence tomography

High-penetration Doppler OCA (HP-OCA) is based on an SS-OCT system with a fiber-
based Michelson interferometer. A schematic of the SS-OCT is shown in Fig. 2.1. A
commercially available short cavity laser (Axsun Technologies Inc.,MA) with a center
wavelength of 1060 nm, a spectral scanning width of 120 nm, a -3-dB bandwidth of 100
nm, and a scanning speed of 100,000 scans/s was utilized. The laser beam passes through
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Figure 2.1: Schematic of HP-SS-OCT system. BPD: balanced photodetector, LPF: low-
pass filter, DCG: dummy clock generator, DAQ: data acquisition board, FG: function
generator.The uncommon configuration of the 50/50 coupler is due to the characteristics
of a filter coupler which splits the beam into two opposite ports.

a polarization controller and enters a polarization independnt circulator (Agiltron, MA)
with an operation wavelength of 1060 + 30 nm. A filter coupler (Advanced Fiber Resources
Ltd., Hong Kong) passes 50% of the light to the reference arm and reflects 50% into the
sample arm. The reference beam power is adjusted using an iris diaphragm. A custom
retinal scanner based on a commercial OCT device (3D-OCT-1000, TOPCON Corp.,
Tokyo, Japan) is connected to the sample arm. The galvanometric scanner steering the
probe beam is controlled by a function generator board (PCI-6713, National Instruments,
TX). The probing beam power was set as 1.85 mW, which is lower than the safe exposure
limit of ANSI standard [76]. The reflected beams from both arms are combined at the
coupler and detected by a balanced photodetector with a bandwidth of DC to 350 MHz
(PDB130C, Thorlabs Inc.). To avoid high-frequency noise, the detector output signal is
passed through a low-pass filter with a cut-off frequency of 170 MHz (7th order type-I
Chebyshev filter, R & K Corp., Japan). The interference signal is digitized by a data
acquisition (DAQ) board with 12-bit quantum resolution and a maximum sampling rate
of 500 MS/s (ATS9350, AlazarTech, QC, Canada).

Data sampling was performed using an optically generated clock signal that is equi-
spacing in wavenumber, namely, a k-clock. With the light source utilized in this study, the
k-clock becomes unstable during the backward sweep, although only the forward sweeps
are utilized for imaging. This unstable k-clock electrically interferes with the triggering of
data acquisition. To supply a stable clock signal to the DAQ board during the backward
sweep and avoid this interference, a custom-made dummy clock generator is employed. The
dummy clock generator switches the clock signal supplied to the DAQ board between the
k-clock and a dummy clock signal with a constant frequency (240 MHz) during forward
and backward sweeps, respectively. It is noteworthy that the recent versions of 1-um
swept-source provided by AXSUN Technologies possess a similar dummy clock generation
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function, and thus, a custom-made dummy clock generator is not needed. Owing to this
k-linear sampling, no rescaling process is required.

Synchronization between data acquisition and the galvanometric scanner is achieved
using the sweep trigger signal of the light source, which is utilized for triggering the data
acquisition of the DAQ for a single sweep and utilized as an update clock for the waveform
generation for galvanometric scanning.

The short cavity laser possesses a very narrow instantaneous line width; this short
line width provides a very low signal roll-off. The signal roll-off was measured to be -2.5
dB over 3.0 mm. The sensitivity decay was measured to be -7.4 dB over 3.0 mm in air.
It should be noted that the sensitivity decay is higher than the signal roll-off. This is
due to the noise floor increase in the deeper region. The sensitivity was measured to be
99.1 dB in which the recoupling loss at the fiber tip of the sample arm is compensated.
The expected shot-noise-limit sensitivity was 106.1 dB. The optical loss of the system
was measured to be 4 dB; this may partially account for the departure of the measured
sensitivity from the shot-noise-limit sensitivity. The depth resolution defined by the -6-dB
width was measured to be 11.0 pm in air, which corresponds to the resolution of 8.0 ym
in tissue (n= 1.38).

2.2.2 Phase-1 numerical phase stabilization:rough spectral shift correc-
tion

SS-OCT is commonly associated with jitter in synchronization between the wavelength
sweep and data acquisition. This jitter results in random shifts in spectral sampling, and
thus, results in jitter in the phase of the OCT signal. As the Doppler frequency obtained
by the phase sensitive Doppler OCT algorithm is defined as the phase difference between
the two A-scans, this jitter causes a significant error in the Doppler OCT measurement.
In this section, a fully numerical method was described for the cancelling of this jitter
and for the stabilization of the phase of the OCT; this method was refered as “phase-1
stabilization” in this thesis.

The phase error under consideration is caused by a relative shift between two sampled
spectra S1(j) and S3(j), where j is the index of the sampling point of the spectrum and
is linear with wavenumber k. We assume that Sa(j) suffers from spectral shift by jitter
and becomes

S5(5) = Sa2(4) * (5 — B), (2.1)

where 3 is the spectral shift in the sampling points and * denotes convolution.According
to the shift theorem of Fourier transform, the discrete Fourier transform of the shifted
spectrum S5 (j) becomes the discrete Fourier transform of S2(j) with an erroneous phase:

F [95] (€) = F [S2] (¢) exp (—i2m¢ B/N) (2.2)

where F [ ] represents the discrete Fourier transform, N is the number of sampling
points in a single spectrum, and ¢ = 0,1,--- N — 1 is the index of the discrete Fourier
pair of j that also represents the depth position of the OCT signal. If the two spectra,
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and thus, the two A-lines yielded from these spectra were fully correlated except for the
spectral shift, i.e., S1(j) = S2(j), the Doppler shift obtained from these two spectra would
present this erroneous phase as ZF [S5] (¢)F [S1]* (¢) = —27(B/N, where the superscript
* denotes the complex conjugate. Under this condition, the erroneous phase caused by
the jitter could be determined and numerically completely canceled. However, in practice,
S1(j) and S3(j) are not fully correlated because of the structural difference between the
two A-scans and the Doppler shift caused by the flow and bulk motion of a sample. In
this strategy, I obtain and correct this erroneous phase by excluding these disturbances
by cropping the perfectly correlated component of the spectra, i.e., the spectrum of the
reference beam.

In the practical OCT measurements, the spectral interferometric signal Si(j) is ex-
pressed as

S15) = |Br () + 1Ep ()1 + Er () Esy (5) + Ef (5) Ep1 (7) (2.3)

where E,(j) and Ep;(j) are optical fields of the reference beam and probe beam of this
A-scan. In a standard configuration, the reference arm length is adjusted so that the
OCT signals, i.e., the third and the fourth terms in this equation, do not overlap with
the zero-delay position (where the first and the second terms are located). Thus, we can
filter out the third and fourth terms. In addition, in the standard OCT configuration,
the reference power of the photodetector is significantly higher than the probe power;
|E.(j)]* > |En(j)|*. After performing this filtering and making this assumption, the
spectrum becomes S/ () ~ |E,(j)|%; its Fourier transform becomes

FIS1©Q = F |IEG)P]. (2.4)

Note that, in practical SS-OCT configuration, |E,( j)]2 to be measured is not a reference
spectrum in a precise sense because of the common mode rejection capability of balanced
photo-detection. However, this effect is negligible as it is discussed in Section 2.4.1.

Similarly, the shifted spectrum of S4(j) in practical OCT measurement is expressed as

$5(3) = {IB: )P + | B (1) + Br () Epa(3) + B (G) B (G) } 6 = B), (25)

where Ep2(j) is the optical field of the probe beam of this A-scan. A similar filtering and
assumption for S (j) provides the cleaned-up spectrum of S5 (5) = |E.(j)|* * 6(j — 8) and
its Fourier transform of

F 8] (¢) = F [|E()P] () exp (—i2m¢B/N) (2.6)
It is evident that Eqgs. (2.4) and (2.6) are identical except for the erroneous phase slope

component caused by the spectral shift. This erroneous phase is easily obtained using the
following operation and thus, is easily canceled numerically.

F [S5] (OF [S17](Q) = I(¢) exp (—i2m(B/N) (2.7)

2
where I(¢) = ’.7-" [|Er (j )|2} ’ and is equivalent to the OCT signal intensity.
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In practical calculations with measured spectra, the phase obtained from Eq. (2.7) does
not always have a perfectly linear slope. Thus, I determined the phase slope by weighted
least-square fitting which determines the value of 8 that minimizese the following error
energy.

RY =) I(Q) [-2m¢B/N — 9(Q))?, (2.8)
¢

where ¢(C) is the differential phase defined as ZF [S5] (¢)F [S1*] (¢), and F[SY] (¢) and
F[ST] (¢) are derived from measured spectra Si(j) and S2(j). I(C) is set to zero if it is
smaller than the noise level.

A detailed overview of the numerical phase stabilization process used in our partic-
ular implementation is as follows. First, the DC offset for each spectrum is removed by
subtracting the mean of each spectrum so as to set the balanced voltage to zero. Dis-
crete Fourier transform is performed after applying a Gaussian window with a standard
deviation of 0.2N where N = 1536. Offset cancelation is important, otherwise the in-
teraction between the offset and the window function degrades the accuracy of phase-1
stabilization. Namely, the offset reformed by the window function numerically mimics a
pseudo spectrum with the shape of the window function, which has no spectral shift and
overlapped with the real spectrum, and hence it disturbers the phase-1 stabilization. It is
noteworthy that numerical dispersion compensation is not applied because the signal of
interest is formed only from the reference beam, and thus, it is not affected by dispersion.
The £30 pixels close to the zero-delay are utilized for the analysis. This £30-pixel width
corresponds 304 pm in air and roughly 28 times the measured depth resolution defined
as the 6-dB width. The phase difference between an A-line under shift correction and a
reference A-line (typically the first A-line in an OCT volume) is obtained by multiply-
ing the complex conjugate of the reference A-line by the A-line under correction. Least
square fitting, described above, is applied to obtain the phase slope, which is proportional
to the spectral shift. Finally, cancelation of the spectral shift is performed by multiplying
the complex conjugate of the estimated phase slope to the entire (-range of the Fourier-
transformed spectrum and then taking the inverse Fourier transform. Standard Fourier
domain OCT (FD-OCT) processing (including complex median subtraction to eliminate
fixed pattern noise [77] and automatic numerical dispersion compensation [67]) is then
applied to obtain a phase-stabilized OCT image.

It should be noted that, phase-1 stabilization uses a signal generated by a reference
beam which occupies the region close to the zero delay. And hence OCT signal should
not be overlapped with this region and hence this region cannot be utilized for OCT
imaging despite of its high sensitivity. This might be a drawback of phase-1 stabilization.
However, in the clinical practice, imaging a retina at a region close to zero delay is generally
discouraged to prevent the image folding due to the eye motion. And hence the negative
effect of this drawback would be minimal.
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2.2.3 Phase-2 numerical phase stabilization: Correction of residual spec-
tral shift and bulk motion

To obtain the Doppler OCT image, the phase difference between adjacent A-lines of the
phase-stabilized OCT image is calculated by multiplying an A-scan by the complex con-
jugate of the other A-scan.

As described in Section 2.2.2, spectral shift cancelation (phase-1 stabilization) is per-
formed using tens of data points, which is close to the zero delay. Because data points
close to the zero delay are relatively insensitive to the phase error than the data points
far from the zero delay, a certain level of residual fine spectral shift will still exist. In
addition, the Doppler frequency measured from an in vivo subject, such as a human eye,
is sensitive not only to the flow of interest but also to the bulk motion of the subject.
Although bulk motion is a true signal in the broadest sense of term, it frequently dis-
rupts flow measurement and should therefore be canceled. In this section, I describe the
phase-2 phase stabilization algorithm, which eliminates the residual phase errors caused
by residual spectral shift and bulk motion.

By accounting for these errors, the Doppler phase shift obtained from a sample is

described as
AT 47

Ap(¢) = /\—nvz(C) + )\Tvb —2n¢B'/N, (2.9)

where 7 is the time interval between two A-scans under Doppler calculation, A. is the
center wavelength, n is the refractive index of the sample, v,(() is an axial velocity of the
flow of interest, vy, is the axial velocity component of the sample bulk motion, and 3’ is the
residual spectral shift. It should be noted that v.(¢) is a function of depth (¢), whereas
vp 18 a constant; therefore, the second term of this equation is a depth-independent phase
offset. The third term is generated by the residual spectral shift and is a linear function
of depth whose slope is in proportion to the residual spectral shift 3. It is noteworthy
that if 8’ is very large, phase wrapping occurs and the third term can no longer be a
linear function of depth. In our algorithm, 8’ is warranted to be sufficiently small owing
to phase-1 stabilization.

In this phase-2 stabilization algorithm, weighted linear fitting is applied to each depth-
resolved Doppler signal Ap(¢). If the effect of the flow of interest is negligible (in other
words, if we only consider the Doppler signal of a static part of the sample), the slope and
intercept of the linear fitting line are respectively proportional to the residual spectral shift
and the bulk motion as evident in Eq. (2.9). Therefore, these two errors can be canceled
by subtracting this fitting line from the phase. However, in practical measurement, the
flow of interest is not negligible. In the phase-2 stabilization algorithm, this disturbance
from the flow of interest is eliminated by iterative fitting described below.

In this iteration, weighted linear fitting was applied to the measured Doppler signal,
which determines the slope and intersept so as to minimize the following error energy:

R3 = Wn({) [A@(C) = (amC + bm)]? (2.10)
¢

where Ap(() is the Doppler signal obtained from a measurement, a,, and b,, are the slope
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and the intersept determined by the i-th iteration, respectively, and W,,(() is the weight
of the fitting. For the first iteration (m = 0), Wy(¢) is defined as

Wo(C)Z{ 1)+ It¢) > (2.11)

0 : otherwise

where I(¢) is the OCT signal intensity of the corresponding A-line, and €2 is the noise
level.

In this method, I iteratively exclude the part with flow from the fitting by relying on
the assumption that the Doppler shift caused by the real flow is eccentric with respect to
the phase slope defined by the second and third term of Eq. (2.9). To exclude the part
that satisfies this assumption, the weight is updated as

_f 0 [Aem(C) = (am—1C + bm—1)| = T(m;p, M)
Wm(C)_{WO(C) : otherwise

where m = 0,1,2,--- , M, the iteration step of linear fitting. T'(m.p.M) is threshold for
the update of weight, W;,,(¢), and the weight is set to zero if the fitting error is larger than
or equal to the threshold. Threshold, T'(m.p.M), was defined as following

(2.12)

T(m;p,M):;{1+ 1+ex§(1:11—M/2)} (2.13)

where p is a constant determined by the phase stability obtained after the phase-1 sta-
bilization. Note that Eq. (2.13) is a monotonically decreasing sigmoid function with the
maximum limit of 7 and the minimum limit of 7/p, and p was set to make 7/p to be
the phase noise level. In our particular case, p = 12. M is the total iteration number of
iteration, and in our particular case, M = 7.

Note that Eq. (2.13) is a sigmoid function. And hence, In this condition, T'(m;p, M)
keeps large for the first iterations, rapidly decreases at around the middle of the iteration,
and becomes relatively constant for the late steps of the iterations. And this should be
noted, according to Eq. (2.12), even the weight was set to zero once, if the fitting error of
(m — 1)-th step become less than the threshold of m-th step linear fitting, the weigth is
retreived and the Doppler phase of ¢ position could be utilized for m-th step linear fitting.
Hence this algorithm estimates the phase error caused by the system instability and the
bulk eye motion accurately and improves the image quality of Doppler tomography and
OCA.

After applying the phase-2 stabilization, a 3-D Kasai auto-correlation filter [78,79] was
applied to the Doppler signal to further improve the Doppler sensitivity. Two Doppler
modes were implemented for HP-OCA, bi-directional and high-sensitive modes as de-
scribed in section 2.2.4. The kernel sizes utilized were 4 pixels (depth) x 4 pixels (hor-
izontal) x 1 pixel (vertical) for the bi-directional mode, and 4 pixels (depth) x 1 pixel
(horizontal) x 4 pixels (vertical) for the high-sensitive mode. This kernel sizes correspond
to the physical size 19.0 pm (depth) x 38.8 pum (horizontal) x 30.0 pm (vertical) for the
bi-directional mode and 19.0 pm (depth) x 30.0 pm (horizontal) x 38.8 pm (vertical) for
the high-sensitive mode.
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2.2.4 Bi-directional and high-sensitive Doppler modes

Because flow velocity is calculated from phase difference, the measurable minimum axial
velocity is limited by phase noise o, [80]. Further, the measurable maximum axial velocity
is limited by the 2m-ambiguity of the phase, i.e., the measured phase value is wrapped onto
the range from to —7 to 7. Finally, the measurable velocity range is given by

ATy

< o] < 2 (2.14)

zZ
dmnTt AdnT

where 7 is the time interval between the two A-scans utilized for the Doppler calculation.
It should be noted that the velocity range is downward-shifted as 7 increases. In other
words, a larger value of 7 provides slower Doppler velocity signal and vice versa.

In our device, I implemented two scanning modes to achieve two velocity ranges; so-
called bi-diretional and high-sensitive Doppler modes. The bi-diretional Doppler mode,
also referred to as the intra-B-scan mode, calculates the phase difference between adjacent
A-lines in a B-scan as same as conventional Doppler OCT. In our implementation, 7 = 10
us. In this configuration, the theoretically estimated best velocity range is from 1.75 mm/s
to 19.2 mm/s, where the phase noise is assumed to be limited by the signal-to-noise ratio
(SNR) and structural decorrelation by the transverse scanning. The SNR was assumed to
be 25 dB, and the structural decorrelation was estimated from the separation of A-lines
at one-tenth the optical transverse resolution.

The high-sensitive Doppler mode, also referred to as the inter-B-scan mode, calculates
the phase difference between adjacent B-scans at each A-line [81]. In our implementation,
7 = 3.2 ms. The velocity range at this configuration is theoretically estimated from 5.2
pum/s (at 25-dB SNR) to 60 pm/s, where the phase noise is again assumed to be limited
by the SNR and structural decorrelation. With this mode, almost all vessels are measured
owing to the slow minimum measurable speed. However, the reduced maximum speed
results in multiple phase-wrappings.

Two Doppler modes are switched by changing the scanning protocol. The typical
protocols for the two Doppler modes are 2048 A-lines (horizontal) x 256 A-lines (vertical)
for the bi-diretional Doppler mode and 256 A-lines (horizontal) x 2048 A-lines (vertical)
for the high-sensitive Doppler mode. Both scans of the two Doppler modes typically cover
6 mm X 6 mm area. To make the phase noise for both Doppler modes identical, the
separation between A-lines utilized for the Doppler processing is set identically for both
modes. The separation is about one tenth of the spot size of the probing beam: 2.9 ym
for a spot size of 30 um in our particular implementation.

For the visualization of Doppler images, two visualization modes are utilized. One
is a bidirectional Doppler visualization mode in which a white-to-black colormap ranged
from —m rad to w rad or a blue-to-red colormap ranged from —0.377 rad to 0.377 rad
is assigned to Ap. The positive value of Ay represents a positive flow direction, which
represents the flow direction from posterior to the anterior in a posterior eye. The other is
a power Doppler visualization mode in which a black-to-white colormap or a gradual-red
colormap (invisible for 0 rad? to red for 7% rad?) is assigned.
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Figure 2.2: Phase stability measured at several depth position with (o) and without (x)
phase-1 stabilization algorithm. The green line represents theoretical prediction (see Sec-
tion 2.4.1).

2.3 Results

2.3.1 Phase stability

To quantitatively examine the enhancement of phase stability obtained from the phase-1
stabilization algorithm, a stationary mirror was used as a sample. In this measurement,
lateral scanning was not performed and the mirror was measured at several distances from
the zero delay. The standard deviation of the phase differences between adjacent A-lines
(0,) is measured at the mirror position. The standard deviations were obtained with and
without phase-1 stabilization; 1024 A-lines were utilized for each calculation. As shown
in Fig. 2.2, the phase stability is significantly enhanced, especially in the deep region.

As the phase-2 stabilization algorithm is designed to work with a practical sample that
involves bulk motion and a flow of interest, it is not possible to quantitatively evaluate
this algorithm using the mirror sample. To semi-quantitatively evaluate this algorithm, I
measured an in vivo human retina and evaluated the histogram of a section of the retina
that does not contain visible blood vessels.

Figure 2.3 shows bidirectional Doppler phase shift images obtained from an in wvivo
human eye. Each pane represents the bidirectional Doppler signal without phase stabi-
lization (Fig. 2.3(a)), with phase-1 stabilization (Fig. 2.3(b)), with phase-1 and phase-2
stabilizations (Fig. 2.3(c)), and with phase-1 and phase-2 stabilizations and Kasai filter
(Fig. 2.3(d)). The region indicated by the small yellow box is utilized for the phase sta-
bility evaluation. The insets indicated by the large yellow boxes are the magnified images
of the small yellow box. Figure 2.4 shows histograms obtained from the regions indicated
by yellow boxes in Fig. 2.3. Figures 2.4(a)—(d) correspond to Figs. 2.3(a)—(d).

Abrupt spectral shift caused by erroneous synchronization between the starting trigger
of the wavelength sweep and data acquisition resulted in several vertical line artifacts, as
shown in Fig. 2.3(a) (arrows). This produced the side lobes in the corresponding histogram
of Fig. 2.4(a) and a large standard deviation of A of 43.6°. It should be noted that this
standard deviation would be significantly larger than that measured using a static mirror
possibly because of the lower SNR and structural decorrelation between A-lines, and thus,
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Figure 2.3: Bidirectional Doppler phase images without phase stabilization (a), with phase-
1 stabilization (b), with phase-1 and phase-2 stabilizations (c), and with phase-1 and
phase-2 and Kasai filter (d).

cannot be directly compared with the value presented in Fig. 2.2. By applying phase-
1 stabilization, the vertical line artifacts were dramatically reduced, as shown in Fig.
2.3(b). This reduction corresponded with the disappearance of side lobes in Fig. 2.4(b).
The standard deviation decreased to a value as small as 38.0°. Despite the reduction of
standard deviation, the constant phase offset induced by bulk motion still exists, as shown
in the histogram. This phase offset was successfully eliminated by phase-2 stabilization,
as shown in Fig. 2.4(c). It was also found that the histogram was further narrowed and
that the standard deviation was decreased to 35.7°. The Kasai filter further reduced the
phase noise, as shown in Fig. 2.3(d), and further narrowed the histogram to the standard
deviation of 9.8°, as shown in Fig. 2.4(d).

2.3.2 Bidirectional blood flow imaging by bi-diretional Doppler mode

To demonstrate bidirectional in vivo flow imaging of a retina, I measured a healthy retina
of a 31-year-old Asian male. 6 mm x 6 mm areas centered at a macula and an optic nerve
head (ONH) were scanned with 2048 x 256 A-lines in the bi-diretional (intra-B-scan)
Doppler mode. A single volumetric scan took 6.6 s. Figure 2.5 shows the cross-sectional
OCT intensity and Doppler OCT images. In the macular region, several choroidal blood
flows are visible; they are indicated by arrows in Fig. 2.5(b) In the ONH region, both the
choroidal and the retinal vessels are visible; they are indicated by arrows in Fig. 2.5(d).
To provide intuitive and comprehensive recognition of three-dimensional flow struc-
tures, the volumes of the OCT intensity and bidirectional flow signal were combined, as
shown in Fig. 2.6. The OCT intensity is rendered as green; the bidirectional blood flow
is rendered using a red-blue colormap. Both in the macular and the ONH regions (Figs.
2.6(a) and (b)), several choroidal vessels are visualized. In the ONH region (Fig. 2.6(b)),
large retinal vessels are clearly seen, while the visibility of retinal vessels in macula (Figs.
2.6(a)) is relatively low. This may because the measurable minimum velocity of the bi-
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Figure 2.4: Histogram of Doppler phase shift in static tissue regions indicated by yellow
boxes in Fig. 2.3. Panes (a)—(d) correspond to Figs. 2.3(a)—(d), respectively.

diretional Doppler mode is too high to visualize fine retinal vessels in the macular region.
I will demonstrate the visualization of fine retinal vessels in the high-sensitive Doppler
mode in Section 2.3.3.

To evaluate the performance of high-penetration bidirectional blood flow imaging of bi-
diretional Doppler mode, I measured 12 eyes of 6 Asian subjects without marked posterior
disorders. All subjects were male and their age was 29.6 + 3.7 years (mean + standard
deviation); their ages ranged from 25 to 36 years. For this study, 3 mm x 3 mm areas of
maculae and ONHs werescanned with 1024 x 256 A-lines. The scan of a single volume
took 3.3 s. Some representative images are shown in Fig. 2.7.

In the ONH area, bidirectional blood flow was visible in the retina and choroid in all
12 eyes. Among them, blood flow beneath the lamina cribrosa was visible in 1 eye, as
indicated by a yellow circle in Fig. 2.7(c) (case-1). In the macular area, blood flow was
clearly observed in choroid in 11 out of the 12 eyes, as shown in Fig. 2.7(f) (yellow circles,
case-2). Eight of the 12 eyes were myopic, which is defined as the spherical equivalent
refractive error of more than - 3 diopters; 6 of the 8 myopic eyes were appeared with
myopic conus. As exemplified by Fig. 2.7(i) (yellow circle, case-3), 5 of the 6 eyes with
myopic conus showed blood flow signals beneath the conus. The red circles in Figs. 7(b),
(e), and (h) indicate the same locations as the yellow circles in Fig. 2.7(c), (f), and (i). It
should be noted that here the vessels/flow were classified as “visible” as long as a portion
of the vessel was observed in the bidirectional Doppler image.

2.3.3 Vasculature imaging by high-sensitive Doppler mode

The same subject as described as the first subject in Section 2.3.2 was examined in the
high-sensitive Doppler mode. 6 mm x 6 mm areas of ONH and macula were scanned
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Figure 2.5: OCT intensity images (a) and (c) and bidirectional Doppler images (b) and
(d) of a healthy human retina. A horizontal 6-mm regeion was scanned with 2048 A-lines
for single B-scan. The red horizontal lines indicate the zero delay, and the region between
the red and black horizontal lines indicate the region which has been utilized for phase-1
stabilization. The bidirectional Doppler images were taken in the bi-diretional Doppler
mode.
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Figure 2.6: Integrated volume rendering of OCT intensity and bidirectional flow in healthy
retina.
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Figure 2.7: Representative images taken for a feature-visibility study. The scanning range
was 3 mm (horizontal) x 3 mm (vertical) corresponding 1024 x 256 A-lines. Cases-1 and-
3 are of ONH and case-2 is of macula. (a), (d), and (g) are en face projections of OCT
intensity; (b), (e), and (h) are intensity B-scans; and (c), (f), and (i) are bidirectional flow
images obtained in the bi-diretional Doppler mode. The red circles in (b), (e), and (h)
indicate the same locations as the yellow circles in (c), (f), and (i). The red lines in (a),
(d) and (g) represent the location corresponding B-scans.
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Macula

Figure 2.8: OCT intensity (a) and power Doppler (b) images taken from a normal subject
in high-sensitive Doppler mode. A vertical 6-mm region was scanned with 2048 B-scans.
The arrows indicate retinal vessels.

with 256 x 2048 A-lines in 6.6 s. Figure 2.8 shows the cross-sectional OCT intensity (Fig.
2.8(a)) and power of the Doppler phase shift (Fig. 2.8(b)) images in the macula area,
where the green arrows indicate the same location in these two figures. Instead of losing
the bidirectionality of the Doppler phase shift because of the reduced measurable velocity
range and its resulting multiple phase-wrapping, many Doppler shift signals are observed.
The retinal vessels are visible in both the OCT and the Doppler OCT images, as indicated
by red arrows. Although it is not easy to recognize individual vessel structures, densely
visualized Doppler phase shift signals under the RPE are consistent with the anatomical
property of the choroid. In Fig. 2.8(b), the power Doppler signal in the choroid shows a
random appearance.

To provide a more comprehensive clinical understanding of vasculature, en face projec-
tions of the power Doppler signal, also referred to as OCA, were created, as shown in Fig.
2.9. For comparison, the power Doppler projections were created both in the bi-diretional
Doppler mode (Fig. 2.9(a)) and in the high-sensitive Doppler mode (Fig. 2.9(b)). In the
case of the bi-diretional Doppler mode (Fig. 2.9(a)), the density of visualized vessels is
small because of the relatively high minimum measurable velocity in the high-sensitive
Doppler mode. In the case of the high-sensitive Doppler mode (Fig. 2.9(a)), clear retinal
vasculature and dense choroidal vasculature are visualized.

Owing to the depth resolution of OCT and automatic segmentation of RPE [63], It
is possible to created two separate OCAs from a single volume of high-sensitive Doppler
mode; one is for retinal angiogram and the other is for choroidal angiogram, as shown in
Fig. 2.10. It is noteworthy that this clear separation of depth layers can be performed
neither by fluorescein angiography (FA) nor ICGA. The horizontal line artifacts indicated
by red and yellow arrows are caused by imperfections in axial shift motion cancelation
and saccadic motion, respectively. The details of the line artifacts are discussed in Section
2.4.4.
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Figure 2.9: En face vasculature images obtained by (a) bi-diretional and (b) high-sensitive
Doppler modes. The sizes of the datasets for bi-diretional and high-sensitive Doppler
modes are 2022 x 255 A-lines in 5.92 mm x 5.98 mm (bi-diretional Doppler mode) and
234 x 2045 A-lines in 5.48 mm X 5.99 mm (high-sensitive Doppler mode).

2.4 Discussion

2.4.1 Effects of common mode rejection by dual-balanced photodetector

As described in Section 2.2.2, the phase-1 stabilization algorithm relies on the OCT signal
that is generated only by the reference beam. However, this signal is a common mode for
dual-balanced photo-detection, and thus, cannot be detected if the dual-balanced photo-
detection is perfectly working. In this section, I show that a standard dual-balanced
photodetector and standard power configuration of OCT provide sufficient signal intensity
to allow the use of the phase-1 stabilization algorithm owing to the inevitable imperfection
of the photodetector.

In a standard OCT configuration, the reference power at the detector is much higher
than the probe power. In our configuration, for a probe power at the sample of 1.85
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Figure 2.10: Retinal (a) and choroidal (b) optical coherence angiograms of a normal eye.
The angiograms were created as projections of the power Doppler signal obtained in the
high-sensitive Doppler mode.
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mW and a well known retinal reflectivity of -60 dB, the probe power at the detector is
estimated to be 1.85 nW. In contrast, the reference power at the detector was configured
to be approximately 230 uW. Although a huge portion of the reference power is rejected
by the common-mode rejection nature of dual-balanced detection, an considerable portion
remains. The typical common-mode rejection ratio of our balanced photodetector is -40
dB; therefore, the residual reference power should be 23 nW.This is still 12 times higher
than that of the probe beam. Therefore, even with the dual-balanced photo-detection
scheme, the signal intensity would be sufficiently high for the phase-1 stabilization.

The following analysis would provide more quantitative measure of the required signal
intensity for phase-1 stabilization. The phase-1 stabilization relies on linear fitting of
the phase around the zero-delay point. In our implementation, the fitting area is +30
pixels around the zero delay. Since the phase is an odd function of a depth, this fitting
is equivalent to the fitting of the area from Oth to 30th pixel with a constriction of null-
intercept. Under this condition, a least square fitting provide a slope of the fitting line
as Y., Gipi/ >; ¢2, where (; and ¢; are the depth position and the phase value of the
i-th data point to be fitted, respectively, and ¢ = 0,1,---,30. Here I have assumed, for
simplicity, the signal is uniformly distributed along the fitting area, and hence the weight
of the fitting is constant.

By using this fitting line, the erroneous phase occurred by a spectral jitter at the depth
of z is expected to be ¢ = (ZZ Gwil > CZQ) (. By partially differentiating this equation
by i, I have the following equation which relates the tiny variations of ¢ and ¢; as

2 Gidpi
dp S~ 2 ¢ (2.15)
where dp and dp; are the tiny variations of ¢ and ;. Here dp; is interpreted as an
error in the phase measurement due to a stochastic phase noise of OCT and dp is a
resulting error in the phase estimation. Although the stochastic phase error cannot be
deterministically predicted, its statistical property can be predicted as o; = 1/4/SNR; [80],
where o; and SNR; are the standard deviation of the stochastic phase error and SNR at z;.
Since the signal intensity is assumed to be uniformly distributed within the fitting region,
09 =01 =+ =039 = 0. In our specific configuration, ¢ is expected to be 0.025 rad.
By applying error propagation analysis to Eq. (2.15), it is found that the phase esti-
mation at z might have a phase error with standard deviation of
2]

0, = —F——0. (2.16)
\V i %

By substituting our experimental parameters, this equation gives a theoretical prediction
of phase estimation error at each depth as shown in Fig. 2.2 (green line). This theoretical
prediction is well agreed with the experimental results. According this prediction, the
phase error at the deepest perimeter of the measurement range is predicted to be o4 =
0.19 rad. Since the condition which warrants a correct operation of phase-2 stabilization,
i.e. non-existence of phase wrapping, is o4 < m, the phase-1 stabilization surely can
provide a sufficient phase stabilization.
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Figure 2.11: Bidirectional Doppler images obtained only with phase-2 stabilization (a)
and with phase-1 and phase-2 stabilizations (b). The yellow arrows in (a) indicate A-lines
where phase artifacts exist. The arrows in (b) indicate the identical locations to those in

(a).

2.4.2 The role of phase-1 stabilization

The phase-2 stabilization aims at canceling both a Doppler phase slope occurred by spec-
tral shift and Doppler phase offset occurred by bulk motion of the sample, while phase-1
stabilization is designed only to cancel the Doppler phase slope. Because of this inclusive
property of phase-2 stabilization, phase-1 stabilization is not always required.

However, phase-2 stabilization can work only if no phase wrapping exists in a static
tissue which phase-2 stabilization uses to monitor the phase. This condition of no phase
wrapping is not always warranted. In contrast, phase-1 stabilization is robust for this
wrapping issue although its accuracy is less excellent than phase-2. This is because phase-
1 stabilization relies on phase close to the zero delay where phase wrapping is unlikely
happened. And hence, the purpose of phase-1 is to cancel the phase slope only with low
accuracy but to surely eliminate phase wrapping in the region of the static tissue. This
elimination assures successful application of the subsequent phase-2 stabilization.

An example showing this role of phase-1 stabilization is shown in Fig. 2.11. Figure
2.11(a) shows an example of a bidirectional Doppler image which is stabilized only by
phase-2 stabilization. Evident artifacts, vertical lines, exist as indicated by yellow arrows.
Figure 2.11(b) shows the same Doppler B-scan but stabilized both by phase-1 and phase-2
stabilizations. It is evident that the line artifacts are totally eliminated.

2.4.3 Weight for linear fit in numerical phase stabilization

In both the phase-1 and phase-2 stabilization algorithms, weighted least square fitting
was utilized, as described in Sections 2.2.2 and 2.2.3. It should be noted that the OCT
intensity is used as the weight in Eq. (2.8) of phase-1, whereas the OCT amplitude, i.e.,
the square root of the intensity, is utilized in Eq. (2.10) of phase-2.

It is known that the energy of the SNR-limited phase noise of OCT is inversely pro-
portional to the OCT intensity as long as the OCT noise level is constant [80]. Therefore,
using the OCT intensity as the weight in Eq. (2.8) is rational.

In contrast, the use of the square root of the intensity in Eq. (2.10) derives from the
following compromise. The retinal blood vessels have strong scattering in OCT in general.
Although the phase-2 stabilization algorithm is designed to avoid the effects of Doppler
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Figure 2.12: Bidirectional Doppler images stabilized by phase-1 stabilization followed by
non-standard phase-2 stabilization which uses an OCT intensity as a weight (a) and by
phase-1 stabilization followed by standard phase-2 stabilization. The arrows indicate phase
artifacts occurred by the imperfection of the phase-2 stabilization.

shift in the retinal vessel, the linear fit will be strongly affected by the blood flow if we
utilize the OCT intensity as the weight. To reduce the effect of the blood flow and to
give a larger weight to high-SNR regions, the square root of the intensity was utilized
for the weight. The sufficient performance of the algorithm with this compromise was
experimentally verified in Section 2.3.1.

In order to further demonstrate the adequacy of the square root of OCT intensity as
a weight, an example is shown in Fig. 2.12. Figure 2.12(a) shows a bidirectional Doppler
image which is stabilized by phase-1 stabilization followed by phase-2 stabilization but
with the OCT intensity as a weight. Several vertical line artifacts are evident as indicated
by arrows. On the other hand, standard phase-2 stabilization which uses the square root
of the OCT intensity as the weight eliminates almost all of these artifacts as shown in Fig.
2.12(b).

2.4.4 Horizontal line artifacts in high-sensitive Doppler OCA images

Several horizontal line artifacts are observed in the high-sensitive Doppler OCA images,
such as in Figs. 2.9(b) and 2.10. They appears with the full horizontal transverse width,
as indicated by yellow arrows in Fig. 2.10(a). A full-width artifact could occur because of
total decorrelation between the B-scans utilized for Doppler processing because of rapid
saccadic eye motion. The disconnection of structures across the artifact line is the defining
characteristic of this type of artifact.

2.5 Summary

High-penetration Doppler optical coherence tomography and angiography were demon-
strated based on a 1-ym SS-OCT. Newly developed phase stabilization algorithm enables
high-sensitivity Doppler detection via SS-OCT, without the need for additional calibra-
tion hardware. As this method is purely a software method, it can be applied to most
SS-OCT devices, without the need for hardware modication. This system was utilized
to examine normal eyes The study with normal eyes demonstrated the effectiveness of
high-penetration Doppler imaging in the choroid and ONH.



Chapter 3

Noninvasive investigation of Deep
Vascular Pathologies of Exuative

Macular Disease by HP-ODA*

3.1 Introduction

Exudative macular diseases threaten vision ability of humans. Among them, patholog-
ical myopia and age-related macular degeneration (AMD) are representative causes of
blindness worldwide [1,2,3,4,5]. These diseases frequently appear with choroidal neovas-
cularization (CNV). Polypoidal choroidal vasculopathy (PCV) is one form of CNV and
it is characterized by a branching vascular network (BVN) terminating in polypoidal le-
sions [7,8]. In Asian countries, PCV represents between 56% and 72% of all neovascular
AMD patientsl.

One of the most effective treatments of CNV is intravitreal injection of bevacizumab
or ranibizumab. This treatment requires repeated injection with several rounds with 1- to
3-month periods, and fluorescence angiography (FA) and indocyanine green angiography
(ICGA) images are required for the initial diagnosis. However, FA and ICGA imaging is
sometimes restricted, because they are invasive methods requiring dye injection into a vein,
which makes patients uncomfortable, and sometimes induces adverse reactions [13,15].
Hence, it is clinically important to establish a new modality that non-invasively reveals
the vasculature including abnormal vasculature.

In order to provide a non-invasive alternative angiographic modality, high-penetration
Doppler optical coherence angigography (HP-OCA) was developed as described in Chapter
2 [55]. This HP-OCA enables vascular imaging of the deep posterior eye.

The purpose of study in this chapter is evaluating the clinical utility of HP-OCA as
a non-invasive angiographic modality. A descriptive case series of myopic CNV (mCNV),

*The portions of this chapter have been published in the following article:
Y.-J. Hong, M. Miura, S. Makita, M. J. Ju, B. H. Lee, T. Iwasaki, and Y. Yasuno, ”Noninvasive inves-
tigation of deep vascular pathologies of exudative macular diseases by high-penetration optical coherence
angiography,” Investigative Ophthalmology & Visual Science 54, 3621-3631 (2013).
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Patient ID Eye Sex Age Diopter Diagnosis # of IVR
Subject-1 R M 44.9 -11.0 mCNV 3
Subject-2 L M 32.8 -5.5 mCNV 0 and 2
Subject-3 L F 68.5 1.0 AMD (Classic) 0and 3
Subject-4 L M 61.5 0.0 AMD (Classic) 0and 5
Subject-5 L M 63.1 0.0 AMD (Classic) 0
Subject-6 L M 54.4 -0.5 AMD (Classic) 0and 3
Subject-7 L M 82.3 -0.5 PCV 0

R -5.0 PCV 0
Subject-8 M 71.8

L -5.0 PCV 0
Subject-9 R M 68.8 1.5 PCV 0
Subject-10 L M 64.9 -0.5 PCV 0

Table 3.1: R: right, L: left, M: male, F: female, # of IVR: number of intravitreal injection
of ranibizumab prior to the investigation with HP-OCA. The multiple numbers in the
cell of [# of IVR] represent multiple measurements by HP-OCA after the each number of
treatments.

AMD and PCV are presented. Through detailed discussion of the cases, the clinical utility
of HP-OCA is also discussed.

3.2 Methods

3.2.1 Subjects

Eleven eyes of 10 subjects were involved in this study as summaries in Table 3.1. The
subjects included 2 eyes of 2 subjects with mCNV, 4 eyes of 4 subjects with AMD, and 5
eyes of 4 subjects with PCV. All subjects were Japanese. The mean age of the patients
was 61.3 + 14.2 (mean + standard deviation), and the age ranged from 32.8 to 82.3.
Specifically, the mean age of the subjects with each type of disease was 38.8 £+ 8.5 for
mCNYV, 61.9 + 5.8 for AMD and 72.0 + 7.5 for PCV. The mean of the spherical equivalent
refractive error of the eyes was -2.3 + 3.8 D ranging from -11 D to 1.5 D. Specifically, the
mean refractive error of the eye for each type of disease was -8.3 &= 3.9 D for mCNYV, 0.1
+ 0.6 D for AMD, and -1.9 £ 2.9 D for PCV.

The patients were diagnosed at Ibaraki Medical Center Hospital, Tokyo Medical Uni-
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versity. All subjects received a comprehensive ophthalmic examination including color
fundus photography, spectral domain OCT with an 830-nm probe (3D OCT-2000, Topcon
Corp., Tokyo, Japan), FA, and ICGA. Subjects who showed an allergic reaction to fluo-
rescein, one of mCNV and one of PCV, did not receive FA. Patients who were diagnosed
as exudative macular disease were transferred to an optics laboratory at the University
of Tsukuba, where their eyes were scanned with a custom built HP-OCA. The research
protocol adhered to the tenets of the Declaration of Helsinki and was approved by the
institutional review board of Tokyo Medical University and the University of Tsukuba.
Informed consent was obtained from the subjects after providing an explanation of the
nature and possible consequences of the research.

3.2.2 Investigation with HP-OCA

HP-OCA employs two measurement modes for two types of Doppler tomography as de-
scribed in section 2.2.4. The first mode is a bi-directional mode, this mode is sensitive to
relatively fast flow; in our particular configuration it was from 1.75 mm/s to 19.2 mm/s
(axial velocity) and it provides bi-directional axial flow velocity. A potential drawback
of this mode is the relatively high minimum measurable velocity (1.75 mm/s). A flow
signal slower than this limit is not detectable. In this clinical study, the bi-directional
cross-sectional tomogram, in which the bi-directional Doppler signal overlaid on struc-
tural OCT, is denoted as bi-directional Doppler tomogram, while en face projection of the
squared bi-directional Doppler tomogram is denoted as bi-directional OCA.

The second mode is the high-sensitive mode, this mode is sensitive to relatively slow
flow, such as >5.2 pm/s (axial velocity) in our particular configuration. A potential draw-
back of this mode is relatively low maximum measureable velocity (60 pm/s) for quanti-
tative measurement. A flow signal faster than this limit is wrapped into the measureable
Doppler range and appears as a strong but random pattern. Hence this high-sensitive mode
is not suitable for qualitative bi-directional measurement, but suitable for high-contrast
selective imaging of small vessels. In this mode, the image is displayed in the form of the
squared energy of the Doppler signal, and is utilized for small vascular observation with
flow-selective contrast. In this clinial study, a high-sensitive Doppler signal overlaid on
structural cross-sectional OCT is denoted as high-sensitive Doppler tomogram, and the
en face projection of the high-sensitive Doppler signal is denoted as high-sensitive OCA.

Square area of 6 mm x 6 mm was scanned around the pathologic region with two
Doppler modes as in section 2.2.4. It should be noted that a finally obtained en face OCA
image of high-sensitive mode is not always perfectly rectangle. This is because of invalid
A-lines caused by high-frequency scanning of a scanning mirror in the OCT scanner and its
resulting synchronization imperfection between the scanning mirror and data acquisition.

3.2.3 Clinical ophthalmic image and HP-OCA comparison

Figure 3.1 shows typical images of en face OCA (Fig. 3.1e and 3.1f), OCA tomogram
(Fig. 3.1g and 3.1h) and corresponding color fundus (Fig. 3.1a) and ICGA (Fig. 3.1b
and 3.1c) images, which were obtained from a normal macula of a 37-year-old Japanese
male with -6.0 D myopia. The en face OCT projection image (Fig. 3.1d) was obtained
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Figure 3.1: Macular images of a normal eye with -6.0 D myopia of a 37-year-old Japanese
male. (a) is a color fundus photograph, (b) and (c) are early-phase and mid-phase ICGA
images, respectively, and (d) is an en face projection of structural OCT. (e) and (f) are
bi-directional and high-sensitive OCAs, respectively. (g) and (h) are bi-directional and
high-sensitive Doppler tomogram, respectively. Scale bars in (d) and (g) indicate 0.5 mm.
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by the depth average of the logarithmic OCT. Thick choroidal vessels were observed with
moderate hypo-scattering in the OCT en face projection (Fig. 3.1d); however, the vi-
sualization of choroidal vessels were limited compared to the mid-phase of ICGA (Fig.
3.1c). Bi-directional OCA (Fig. 3.1e) and high-sensitive OCA (Fig. 3.1f) showed different
vasculatures. The retinal vasculature of the macular region was rarely imaged with bi-
directional OCA, while high-sensitive OCA visualized similar retinal vasculature to that
of color fundus photograph and the mid-phase of ICGA. For imaging of the choroidal
vasculature, the bi-directional OCA showed mainly thick choroidal vasculatures that had
fast axial blood flow and appeared in the early-phase of ICGA (Fig. 3.1b), while high-
sensitive OCA showed a similar choroidal vasculature to that of the mid-phase of ICGA.
In addition, several choroidal vessels that did not appear in the mid-phase ICGA were
also visualized in the high-sensitive OCA.

The depth locations of the blood flow are identifiable in Doppler tomogram. In bi-
directional Doppler tomogram (Fig. 3.1g), red and blue color represent axial flow directions
to the anterior or to the posterior, respectively, and the locations of the flow are indicated
with arrows. Fig. 3.1h is a vertical high-sensitive Doppler tomogram. The weaving appear-
ance in this Doppler tomogram was caused by imperfect axial motion correction among
the horizontal frames.

3.3 Results

3.3.1 Case-1: Myopic choroidal neovascularization (mCNYV)

Fig. 3.2 shows a case of mCNV. The subject was a 45-year-old man who had been received
intravitreal ranibizumab injection three times prior to the HP-OCA examination (Subject-
1 in Table 3.1). Fig. 3.2a, 3.2b and 3.2c represent the color fundus, FA (late-phase)
and ICGA (mid-phase) images, respectively, corresponding to the area of the HP-OCA
examination.

RPE elevation was observed in structural OCT (Fig. 3.2f), which was simultaneously
obtained with bi-directional tomogram as well as in the high-sensitive Doppler tomogram
as indicated by yellow arrows (Fig. 3.2g). In high-sensitive Doppler tomogram, abnormal
Doppler signals were observed in the sub-RPE space beneath the elevated RPE and above
Bruchs membrane as indicated by a red arrow.

The region of RPE elevation appeared with hyper-scattering in en face structural
OCT (Fig. 3.2d) and with hyper-Doppler signals in high-sensitive OCA as indicated by
arrows (Fig. 3.2e). These signals were co-located with the hyper-reflective spot in the color
fundus (an arrow in Fig. 3.2a) and the hyper-fluorescence signal in FA (an arrow in Fig.
3.2b), which is the indicator of inactive CNV. The hyper-scattering in the structural OCT
projection was surrounded by a hypo-scattering rim, as a similar appearance was shown in
the color fundus. Similarly, the hyper-Doppler spot in the en face OCA was surrounded
by a hypo-Doppler rim, which was similar to a pattern that appeared in the ICGA image
(an arrow in Fig. 3.2c). The pattern of CNV appearance in the en face structural OCT
and OCA was found in 2 of 2 cases with mCNV, 4 of 4 cases with AMD, and 1 of 4 cases
with PCV. It is also noteworthy that high-sensitive OCA showed a high overall similarity
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Figure 3.2: Right macular images of a 45-year-old man with mCNV, (a) color fundus, (b)
FA (late-phase), (¢) ICGA (mid-phase), en face projections of (d) structural OCT and
(e) high-sensitive OCA, (f) structural OCT taken by a scanning protocol of bi-directional
mode and (g) high-sensitive Doppler tomogram. Yellow dashed line in (d) and (e) indicate
the location of tomograms of (f) and (g), respectively. Scale bars in (d) and (f) indicate
0.5 mm.

to the mid-phase of ICGA.

3.3.2 Case-2: mCNV with ranibizumab injection

Figure 3.3 summarizes another case with mCNV. The subject was a 33-year-old man who
was treated with intravitreal ranibizumab injection (0.05 ml of 10 mg/ml solution for
each injection) two times with a 28-day separation (Subejct-2 in Table 3.1). HP-OCA
examination was performed 6 days before the first injection and 59 days after the second
injection.

Figures 3.3a, 3.3b and 3.3c are mid-phase ICGA, high-sensitive OCA, and en face
structural OCT projection taken before the treatment, respectively. Fig. 3.3d, 3.3e and
3.3f are corresponding images taken after the injection. The CNV was observed as a
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hyper-fluorescent region surrounded by a dark rim in the ICGA image (red arrow in Fig.
3.3a) before the treatment. This CNV area became smaller after the ranibizumab injection
(red arrow in Fig. 3.3d). This CNV appeared as a hyper-Doppler region surrounded by
a dark rim in the OCA image (red arrow in Fig. 3.3b), and it also became smaller after
the ranibizumab injection (red arrow in Fig. 3.3e). This appearance was well correlated
with ICGA. This CNV region appeared as a large hyper-scattering region in en face OCT
(a circle in Fig. 3.3c), and this region became smaller after the injection (a circle in Fig.
3.3f).

Figures 3.3g and 3.3h are vertical high-sensitive Doppler tomograhies. These tomo-
grahies were created from the same datasets of Fig. 3.3b and 3.3c, and Figs. 3.3e and 3.3f,
respectively, and the locations of the tomograms are indicated by dashed lines in the en
face images. Note that the vertical gap in Fig. 3.3g was created by an eye blink. Before
the ranibizumab injection, subretinal fluid (blue arrow) and exudates (yellow arrow) were
evident in the structural OCT (Fig. 3.3g). The RPE in the exudative region was hardly
visible. In addition to structural tomogram, Doppler tomogram provided more detailed
insight. Hyper-Doppler signals were observed in the exudates and the choroid beneath the
exudates (a red arrow in Fig. 3.3g), which indicated abnormal flow in this region. After
ranibizumab injection, as shown in Fig. 3.3h, sub-retinal fluid disappeared and the CNV
related elevation became smaller. The RPE became clearly visible with structural OCT.
With Doppler tomogram, it was found that the abnormal blood flow disappeared (Fig.
3.3h).

3.3.3 Case-3: Age-related macular degeneration (AMD)

Figure 3.4 summarizes a case of AMD with classic CNV. The subject was a 62-year-old
man (Subject-4 in Table 3.1). An active CNV was observed at the fovea by dye leakage
in the late-phase of FA (arrow in Fig. 3.4b). The mid-phase of ICGA (Fig. 3.4c) shows
CNYV that appeared as hyper-fluorescence surrounded by a dark rim (arrow). Several hard
drusen were observed in the color fundus as white spots (Fig. 3.4a).

OCT en face projection (Fig. 3.4d) shows a similar appearance to the color fundus
photograph including hyper-scattering spots and choroidal vasculatures. It is noteworthy
that the choroidal vasculature around the CNV appeared with hyper-scattering signal (red
arrow inside a circle), while other choroidal vessels in non-pathologic regions generally
appeared with hypo-scattering, as indicated by a yellow arrow. This appearance would
be caused by the deeper penetration beneath the choroidal vessels around the CNV, as
indicated by red arcs in the horizontal structural OCT cross-section taken with the bi-
directional scanning protocol (Fig. 3.4f).

High-sensitive OCA (Fig. 3.4e) showed almost all of the retinal and choroidal vessels
shown in the mid-phase of ICGA ((Fig. 3.4c) even with higher contrast. Remarkably, the
detailed abnormal choroidal vasculature was observed at the CNV region, as indicated by
a circle in Fig. 3.4e, while it was hardly observed in ICGA.

In high-sensitive Doppler tomogram (Fig. 3.4g), RPE elevation was observed. Remark-
ably, abnormal Doppler signals were observed beneath the elevated RPE, as indicated by
an arrow.
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Figure 3.3: Left macular images of a 33-year-old man with mCNV taken before and
after the ranibizumab treatment. (a) and (d) ICGAs (mid-phase), (b) and (e) high-
sensitive OCAs, (¢) and (f) en face structural OCT projections taken with the high-
sensitive scanning mode, and (g) and (i) high-sensitive Doppler tomograms. (a)-(c) and
(g) were taken before treatment and (d)-(f) and (i) were taken after treatment. Scale bars
in (¢) and (g) indicate 0.5 mm.
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Figure 3.4: Left macular images of a 62-year-old man with AMD, (a) color fundus, (b) FA
(late-phase), (c) ICGA (mid-phase), (d) en face projection of structural OCT, (e) high-
sensitive OCA, (f) structural OCT cross-section taken with bi-directional scanning mode,
and (g) high-sensitive Doppler tomogram. Yellow dashed lines in (d) and (e) indicate the
locations of (f) and (g), respectively.
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3.3.4 Case-4: AMD with ranibizumab injection

Figure 3.5 summarizes another case of AMD with classic CNV. The subject was a 69-year-
old woman treated with intravitreal ranibizumab injection 3 times within time periods of 28
days and 35 days (Subject-3 in Table 3.1). The first HP-OCA examination was performed
4 days before the first injection and the second examination was done 49 days after the
third injection.

Figures 3.5a3.5d represent late-phase FA, mid-phase ICGA, high-sensitive OCA, and
structural OCT projection, respectively, taken before the first injection. Figs. 3.5e3.5h
are corresponding images taken after the third injection. The active CNV, indicated by a
red arrow in the FA image (Fig. 3.5a) became inactive after three injections, as shown in
Fig. 3.5e. In the ICGA images, the CNV appeared as hyper-fluorescence surrounded by
a dark rim, as indicated by arrows in Fig. 3.5b and 3.5f. The size of the CNV region was
reduced by the injections. A similar appearance with ICGA was found in high-sensitive
OCA images, as indicated by arrows in Fig. 3.5¢ and 3.5g, where a hyper-Doppler signal
was surrounded by a hypo-Doppler rim. The size of this appearance was also reduced by
the ranibizumab injections.

In en face OCT projection (Fig. 3.5d), active CNV appeared with hyper-scattering
(red arrow). This hyper-scattering decreased after the ranibizumab injection (red arrow
in Fig. 3.5d). In the post-injection OCT image, some other hyper-scattering spots were
observed (yellow arrows in Fig. 3.5h). These hyper-scattering spots were well correlated
with the hyper-fluorescence of FA (arrows in Fig. 3.5e).

A clear difference was observed between the OCT cross-sections taken before and after
the injections. Before the treatment (Fig. 3.5i), exudates were observed as indicated by
a yellow arrow. In this region, the RPE was not clearly observed. In the corresponding
high-sensitive Doppler tomogram, hyper-Doppler signals were observed in the exudates as
indicated by a red arrow in Fig. 3.5j. After the injections, exudates disappeared and only
a small RPE elevation was observed (yellow arrow in Fig. 3.5k). In high-sensitive Doppler
tomogram (Fig. 3.51), nearly no abnormal Doppler signal was observed (arrow).

3.3.5 Case-5: Polypoida choroidal vasculopathy (PCV)

Figure 3.6 summarizes a case of PCV that appeared with a large abnormal vascular net-
work. The subject was a 65-year-old man and his left eye was examined (Subject-10 in
Table 3.1). The eye was not treated at the time of the examination. Widely spread ex-
udates were observed with white color in the fundus photograph (Fig. 3.6a). The hyper-
fluorescent region in the late-phase FA (Fig. 3.6g) indicated a large pigment epithelial
detachment (PED). Abnormal vasculature and polypoids were observed in the mid-phase
of ICGA (Fig. 3.6¢). In en face OCT projection (Fig. 3.6d), a strong hyper-scattering (left
circle) and a moderate hyper-scattering (right circle) were observed. This corresponded
to the hyper-fluorescence regions in FA (Fig. 3.6g).

In bidirectional Doppler tomogram (Fig. 3.6h), clear Doppler signals were observed
beneath the moderate PED (red arrow). Fig. 3.6e shows the bi-directional OCA, where
the red arrow indicates the Doppler signal in Fig. 3.6h. When comparing this OCA and
early phase ICGA (Fig. 3.6b), it is evident that this Doppler signal corresponds to a feeder
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Figure 3.5: Left macular images of a 69-year-old woman with AMD taken before and after
the three times of intravitreal ranibizumab injection. (a) FA (late-phase), (b) ICGA (mid-
phase), (c) high-sensitive OCA, and (d) en face structural OCT projection images taken
using the high-sensitive scanning mode before the first ranibizumab injection. (e)(h) are
corresponding images taken after the third ranibizumab injection. (i) and (j) are structural
OCT and high-sensitive Doppler tomogram taken before the first injection. The locations
of these tomograms are indicated by yellow lines in (¢) and (d). (k) and (1) are those
taken after the third injection. The yellow lines in (g) and (h) indicate the location of
these tomograms. Scale bars in (d) and (i) indicate 0.5 mm.
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vessel.

In high-sensitive Doppler tomogram (Fig. 3.61), many abnormal Doppler signals were
observed beneath the PED as indicated by the red arrows. Remarkably, some Doppler
signals, such as that indicated by the leftmost arrow, represented abnormal vessels that
penetrated Bruchs membrane into the sub-RPE space. The high-sensitive OCA (Fig. 3.6f)
shows a highly correlated pattern with the mid-phase of ICGA (Fig. 3.6¢).

3.3.6 Case-6: PCV with volumetric polypoidal CNV

Figure 3.7 summarizes another case of PCV. The subject was a 69-year-old man (Subject-
9 in Table 3.1). The early-phase of ICGA (Fig. 3.7a) shows a clear branching vascular
network (BVN) at the PED area. The late-phase of ICGA (Fig. 3.7d) shows terminal
aneurismal dilatation of the BVN. High-sensitive OCA (Fig. 3.7b) shows a highly corre-
lated vascular pattern including the BVN with the early-phase of ICGA. High-sensitive
Doppler tomogram (Fig. 3.7g) presents several Doppler signals beneath the PED (arrows).
The location of this Doppler tomogram is indicated on ICGAs (Fig. 3.7a and 3.7d) and en
face OCA (Fig. 3.7b) with yellow lines. This indicates that the Doppler signals beneath
the PED in Fig. 3.7g are associated with the BVN.

A volume rendering of the high-sensitive OCA provides more intuitive understand-
ing, as shown in Fig. 3.7e, where the Doppler signal and the structural OCT signal are
respectively displayed in orange and green colors. In this image, the comprehensive three-
dimensional structure of the BVN is clearly visualized. In addition, a blood vessel con-
necting the BVN to the choroid is clearly observed as indicated with an arrow.

An active CNV is observed in FA, as indicated by a circle in Fig. 3.7c. A similar pattern
is observed in high-sensitive OCA (Fig. 3.7b) and OCT en face projection (Fig. 3.7f)
with hyper-Doppler and hyper-scattering, respectively. Corresponding Doppler signals
are observed in the choroid under the PED (arrow in Fig. 3.7h).

3.3.7 Visibility of Doppler Signals at abnormal chroidal vessels

Two graders (YJH and MM) graded the visibility of abnormal Doppler signals. A fly-
through sequence of structural OCT, Doppler tomogram, and the Doppler tomogram
overlaid on the structural OCT were presented to the graders. In this grading, the eyes
with Doppler signals at abnormal regions found in structural OCT were labeled as positive
and the other eyes were labeled as negative. This grading was independently done for the
following three regions; (1) an abnormal region anterior to the RPE, (2) a region between
the RPE and Bruchs membrane, and (3) within Bruchs membrane, i.e., Doppler signal
penetrated through Bruchs membrane.

Table 3.2 summarizes the occurrence of Doppler signals at abnormal choroidal vessels
graded by two graders and their agreements. In this table, the three regions described
above were denoted as above RPE, RPE-Bruch, and in Bruch. The three numbers in each
cell represent, from the left, the number of positive eyes found by grader YJH, that found
by grader MM, and the number of eyes in which the grading of the two graders are agreed.

With bi-directional Doppler tomogram, abnormal flows were observed in PCV eyes
with 80% by grader YJH and 60% by MM. Conversely, no abnormal flow was observed
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Figure 3.6: Left macular images of a 65-year-old man with PCV with a large area of poly-
poid, (a) color fundus photograph, (b) early-phase of ICGA, (c¢) mid-phase of ICGA, (d)
en face projections of structural OCT, (e) bi-directional OCA, (f) high-sensitive OCA, (g)
late-phase of FA, (h) bi-directional Doppler tomogram, and (i) high-sensitive Doppler to-
mogram. Yellow dashed lines in (e) and (f) indicate the location of (h) and (i), respectively.
Scale bars in (d) and (h) indicate 0.5 mm.
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Figure 3.7: Right macular images of a 69-year-old man with PCV with a clear BVN. (a)
early-phase and (d) late-phase ICGA, (b) high-sensitive OCA, (e) volume rendering of
high-sensitive three-dimensional Doppler tomogram, (c) late-phase FA, (f) en face projec-
tion of structural OCT. (g) and (h) are high-sensitive Doppler tomograms. The location
of (g) is indicated by dashed lines in (a), (b), and (d), while the location of (h) is indicated
by yellow lines in (b), (c), and (f). Scale bars in (f) and (g) indicate 0.5 mm.
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Untreated Treated

Doppler
de Region mCNV AMD PCV mCNV AMD
" N | | e | e | e
Bi- Above RPE 0,0,1 0,0,4 0,0,5 0,0,2 0,0,3
directional RPE-Bruch 0,0,1 0,0,4 4,3, 4 0,0,2 0,0,3
mode In Bruch 0,0,1 0,0,4 2,1,2 0,0,2 0,0,3
High- Above RPE 1,1,1 3,3,4 0,0,5 0,0,2 0,0,3
sensitive RPE-Bruch 0,0,1 1,1,4 55,5 1,2,1 1,2,3
mode In Bruch 1,1,1 4,4, 4 4,54 1,1,2 1,2,3

Table 3.2: A summary occurrence of Doppler signals in bi-directional and high-sensitive
Doppler tomograms. The values in each cell, from the left, represent the number of eyes
in which the Doppler signal was found by grader YJH, that found by MM, and agreement
between two graders. N is the number of eyes. Three regions are defined as: (1) an
abnormal region anterior to the RPE (above the RPE), (2) a region between the RPE and
Bruchs membrane (RPE-Bruch), and (3) within Bruchs membrane (in Bruch), in which
case a Doppler signal penetrated through Bruchs membrane

in mCNV and AMD cases. High-sensitive OCA showed a high occurrence of abnormal
Doppler signals within the untreated eyes with both graders. The grading of the two
graders were perfectly agreed except the following three cells; the bi-directional Doppler of
untreated PCV at the RPE-Bruch and in Bruch region, high-sensitive Doppler of untreated
PCV at the In Bruch region, and high-sensitive Doppler of mCNV at the RPE-Bruch
region. And hence, the overall agreement of all cells in Table 3.2 was 89% (82/90).

3.4 Discussion

In the en face OCT projections of 1 eye with AMD (Fig. 3.4d) and 2 eyes of a single case
of PCV, the choroidal vessels appeared with hyper-scattering at the pathologic regions,
while it appeared with hypo-scattering in non-pathologic regions. It is also known that, the
choroidal vessels appeared with hypo-scattering in the en face OCT projection of normal
eyes. In these pathologic regions, abnormal hyper-penetration to the deep choroid and
sclera was observed as exemplified in Fig. 3.4f. This hyper-scattering could be explained
by abnormality in the choroidal or RPE tissue, such as reduction of melanin content,
abnormal thinning of the choroid or both. The hypo-scattering appearance of choroidal
vessels can be utilized as an indicator of the choroidal abnormality.

Since the bidirectional mode is only sensitive to fast blood flow, it is selectively sensitive
to the arteries among the choroidal vessels. This property of the bidirectional mode
provides a similarity between bidirectional OCA and the early-phase (arterial phase) of
ICGA as exemplified in Figs. 3.1b and 3.1e. For ICGA imaging of the PCV, feeder



40 CHAPTER 3. CLINICAL HP-OCA

vessels were imaged at the early phase. It would be expected that the feeder vessels can
be visualized by bidirectional OCA. In the current study, bidirectional OCA visualized
choroidal vessels beneath or close to the PED in 3 of 5 PCV eyes to both graders. These
choroidal vessels were correlated with the feeder vessels that appeared in early-phase
ICGA. This indicates the utility of bidirectional OCA for noninvasive imaging of feeder
vessels of PCV.

The high-sensitive OCA of PCV cases visualized the three-dimensional (3-D) structure
of the BVN and polypoids. It is known that a cluster of abnormal vessels are co-localized
in some region beneath the PED and a feeder vessel connects the abnormal vessel cluster
and a choroidal vessel [8].

The abnormal vessel cluster of PCV has been investigated by structural OCT with a
830-nm probe beam [8], structural high-penetration OCT with a 1-m probe beam [70],
and Doppler OCT with a 840-nm probe beam [82]. However, none of them has been used
to visualize the comprehensive 3-D structure of PCV including the vessels cluster and the
feeder vessel. As exemplified by Fig. 3.7d, high-sensitive OCA has enabled comprehen-
sive visualization of the 3-D structure of the PCV including the vessel cluster and the
feeder vessel. This comprehensive investigative ability of high-sensitive OCA can provide
a detailed understanding of the pathology.

The appearance of a high-sensitive Doppler en face projection image is generally well
correlated with mid-phase ICGA, as exemplified in Figs. 3.1c and 3.1f, Figs. 3.2c and 3.2e,
Figs. 3.3a and 3.3b, Figs. 3.3d and 3.3e, Figs. 3.4c¢ and 3.4e, Figs. 3.5b and 3.5¢, Figs. 3.5f
and 3.5g, and Figs. 3.6¢ and 3.6f. The CNV appearance with high-sensitive OCA was also
similar to that of I[CGA. Furthermore, in some cases, such as shown in Figs. 3.4, 3.6, and
3.7, high-sensitive OCA provided higher contrast than ICGA.

In this study, FA images showed leakages in some untreated cases including 1 eye
with mCNV, 4 eyes with AMD and 1 eye with PCV. The number of leakages was 6 in
total. In all leakage spots, a similar pattern was observed in en face high-sensitive OCA
as exemplified in Figs. 3.2b and 3.2e, Figs. 3.4b and 3.4e, Figs. 3.5a and 3.5¢, and Figs.
3.7c and 3.7b. The leakage in FA is an indicator of abnormal penetration of a choroidal
vessel into the retina, while the Doppler OCT, and hence OCA, is sensitive to localized
motion and selectively contrasts the structure of the blood vessels. Although, the leakage
is not directly detectable by OCA, its related structural abnormality can be detected. And
hence, high-sensitive OCA has indirectly indicated the region of the leakage. Because of
the difference in the contrast mechanism, OCA cannot be the full alternative for FA.
However, the high correlation between OCA and FA and non-invasive nature of OCA
would make OCA a comparable utility to FA.

While FA and ICGA use fluorescent dye as a vessel contrast agent, HP-OCA uses blood
flow as a contrast source. The different vessel contrast mechanism between conventional
angiography and HP-OCA would result in different characteristics. FA and ICGA have
advantages of time elapse imaging after dye injection and investigation of tissue damage
through dye leakage. Conversely, OCA has the two major advantages of 3-D investigation
and non-invasiveness. The 3-D visualization of the ocular vasculature would provide more
detailed insight of the pathology. The non-invasiveness enables safe and repetitive appli-
cation of OCA to the patient. This repetitive examination is particularly useful for the
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frequent monitoring of the outcome of treatments. This could provide insights in natural
history and response to the treatment of retinal illness. In addition, OCA can be also uti-
lized for mass-screening not only for the specific clinical diagnosis and the time-sequence
monitoring.

Since HP-OCA provides vast amount of information including a structural OCT vol-
ume and two types of Doppler OCT volumes, a conventional static-page-oriented patient
report is not always convenient for clinicians. Alternatively, a sophisticated data browser
is necessary. Figure 3.8 shows a screen shot of our custom made HP-OCA browser. It
consists of an en face projection image of structural OCT and en face Doppler OCA in
its left column, while cross-sectional images of structural OCT, Doppler tomogram, and
the Doppler tomogram overlaid on the structural OCT are displayed at the right column.
An operator is allowed to quickly find the point of pathology in the en face images. By
pointing the position of pathology in the en face images with a line cursor, correspond-
ing cross-sections are displayed in the right column. Hence the operator can utilize both
the structural OCT projection and en face OCA to quickly find the pathologic region.
This simultaneous usage of the structural projection and en face OCA reduces the risk
of overlooking of pathologies in comparison to a conventional OCT. The operator is also
allowed to markup one of the cross-sectional images. As marking up an image, the same
mark simultaneously appears at the same location in the other cross-sectional images.
This function enables quick co-registration of structural and Doppler findings. By using a
well-designed data browser, such as this HP-OCA browser, the operator can quickly and
effectively review the huge amount of information provided by HP-OCA.

In this study, I demonstrated vasculature imaging of exudative macular diseases by
HP-OCA. HP-OCA provided two measurement modes; i.e. bidirectional OCA and high-
sensitive OCA. With bi-directional OCA, feeder vessels of the PCV were successfully
visualized. Conversely, the high-sensitive OCA provided similar angiograms to the mid-
phase of ICGA with higher contrast. This new modality can be partially utilized as an
alternative to FA and ICGA. In addition, the non-invasive and 3-D rendering imaging
ability of OCA enables wider applications than FA and ICGA.

3.5 Summary

HP-OCA revealed depth-resolved abnormal vasculatures in exudative macular diseases.
The en face HP-OCA images showed high similarity with FA and ICGA images. These
results suggest HP-OCA can be used for non-invasive and three-dimensional angiography
in a clinical routine.
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Figure 3.8: A screen shot of a custom-made HP-OCA data browser. The en face projection
of structural OCT and en face Doppler OCA are displayed at the left column and the cross-
sectional structural OCT, Doppler tomogram, and the Doppler tomogram overlaid on the
structural OCT are displayed in the right column. As pointing the position of interest
in the en face images by a red line cursor, the corresponding cross-sectional images are
simultaneously displayed in the right column. The operator can mark up one of the cross-
sections, and the same mark simultaneously appears at the same positions of the other
cross-sections.



Chapter 4

Multi-Functional Imaging of the
Posterior Eye*

4.1 Introduction

Several ocular diseases are related with abnormalities of retinal pigment epithelium (RPE)
as well as the abnormalities of choroidal blood circulation. This is because the nutrition
trasnfer and waste excretion are done through choroidal vessels for retina and RPE plays
a significant role in metabolism between retina and choroid [16]. And RPE also absorbs
excess light for better vision, maintains the excitability of photoreceptor outer segment
(POS), help the regeneration of POS by phagocyte the end of POS. Any disturbance of
the RPE can lead to severe visual impairment.

A direct visualization of the RPE would be considerable diagnostic value. OCT image
of normal eye which doesn’t have disorder shows three closely spaced hyper-scattering
layer between retina and choroid in the macular region. And the most bottom layer is the
RPE. However, when there is retinal disorder, it is not easy to distinguish the RPE layer
or its existence because the boundaries of three layers are not clear. It is known that PRE
cells contain melanin granules [83,84] and they have polarization scrambling property. In
order to contrast RPE and to examine the integrity of RPE, PS-OCT techonology was
utilized to calculate polarization uniformity [47,85, 86, 87].

Jones-matrix-based OCT [88, 38, 35, 36] has been developed as one of the PS-OCT
variations. It is known that the Jones-matrix OCT has high intrinsic robustness for
the measurement of polarization properties of biological samples. However, polarization
multiplexing was required for the polarization diversity detection in Jones-matrix OCT,
And active optical components, such as electro-optic or acousto-optic modulator, has been
utilized to change the input polarization state [35,36,89]. Recently, a passive-component-
based Jones matrix OCT system was demonstrated [57,90]. This system realized Jones
matrix measurements without any active optical components.

*The portions of this chapter have been published in the following article:
Y. Lim, Y.-J. Hong, L. Duan, M. Yamanari, and Y. Yasuno,” Passive component based multifunctional
jones matrix swept source optical coherence tomography for doppler and polarization imaging,” Optics
Letters 37, 1958-1960 (2012).
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Figure 4.1: Schematic diagram of Jones-matrix OCT system. LP: linear polarizer, PC:
polarization controller, FC: fiber collimator, M: mirror, PBS: polarization beam splitter,
BS: beam splitter, H- and V-BPD: balanced photo-detector for horizontally and vertically
polarized signals, respectively.)

HP-OCA was extended to multi-functional OCT (MF-OCT). In particular, a fiber-
based passive-component Jones matrix swept-source OCT (JM-OCT) [57] was utilized
and simultaneous Doppler and polarization-sensitive measurement was implemented for
the vasculature and RPE discriminable imaging. Preliminary descriptive case series of
geographic atrophy (GA), AMD, and PCV are presented.

4.2 Jones matrix OCT

4.2.1 JM-OCT configuration

As shown in Fig. 4.1, the JM-OCT is built with an MEMS-based swept-source (Axsun
Technologies Inc., Massachusetts) which has center wavelength of 1.06 pm with full width
at half maximum of 111 nm and 100 kHz sweeping rate. Entire wavelength scanning width
is 123 nm and the average output power is 30 mW.

The interferometer is built with single-mode optical fiber (HI 1060, Corning). The
light is split by a 90/10 fiber coupler after passing through an isolator. 90 % portion of
laser output is guided to a passive component polarization delay unit of probe-arm, and
10 % portion of laser output is guided to a reference arm.

The light passed the polarization delay unit is splitted by 80/20 fiber coupler, the 20
% portion of light is guided to a custom-built retinal scanner for the illumination of eye,
and the 80 % portion of light is guided to a calibration refrlector (dashed green box-A in
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Fig. 4.1. Retinal scanner is composed with a fiber collimator (F280 APC-C, Thorlabs Inc.,
NJ), a two-axis galvanometer scanner, two objective lenses (f=60 mm), and an aspheric
ophthalmic lens (40D, Volk Optical Inc., OH). The beam diameter incident on the cornea
and retin were around 1.4 mm and 21 um,respectively. The optical power on the cornea
is 1.15 mW in current alignment, it is satisfy the saftey regulation defined by ANSI [76].
The back-scattered light from the retina is recoupled to the 80/20 fiber coupler and 80 %
portion is guided to a polarization diversity (PD) detection unit.

The PD detection unit compose of a Inear polarizer, a beam splitter (BS), two polariz-
ing beam splitters (PBSs), and 350 MHz two balanced photo-detectors (BPDs, PDB430C,
Thorlabs Inc.). The reference light from reference arm guided to pass a 45 ° oriented
linear polarizer for the polarization balancing between two polarization diversity channels.
In the PD detection unit, the reference and back-scattered light from the eye is combined
at the BS, splitted into horizontal and vertical polarization components by the two PBSs,
and finally detected by the PBDs. The detected signals from the BPDs were samppled by
an digitizer (ATS9350, AlazarTech Inc., QC, Canada) with 12-bit resolution and a sam-
pling rate of 500 MHz after passing through a high-pass (1 MHz) and low-pass (250 MHz)
filter (HP1CH3-0S and LP250CH3-0S, R&K Co. Ltd. Shizuoka, Japan). The sampled
interference signals were rescaled to the linear frequency domain using pre-defined rescal-
ing parameters determined by a time frequency calibration method [91]. The rescaling
algorithm also cancels the spectral shift among A-lines and stabilizes the phase of the
OCT signal.

With an average probe power of 1.15 mW, the sensitivity and signal roll-off were to be
91.05 dB and -0.65 dB/mm, respectively. Because the signal energy is split into the four
OCT images, the sensitivity of the system measured for a single image is 6-dB lower than
that of standard OCT.

4.2.2 Incident polarization multiplexing by polarization delay unit

A passive polarization delay unit is utilized to multiplex two incident polarization states
by applying optical path lengths difference (OPLD). As shown in Fig. 4.1, the passive
polarization delay unit consists of a linear polarizer, two PBSs, and two Dove prisms. In
this delay unit, the collimated light is passing through the linear polarizer oriented at 45 °
and splitted into two orthogonal polarization components by the PBS 1. After the internal
reflection in the Dove prisms, the two orthogonally polarized lights were combined by the
PBS 2, and then coupled to a optical fiber connected to the the 80/20 fiber coupler.

By the OPLD, the two incident polarization states are multiplexed in depth positions,
and the OPLD is adjusted by moving one of the Dove prisms. In our particular setup,
the OPLD is adjusted to be zg = 3.1 mm, so two OCT signals corresponding to the two
multiplexed incident polarization states appear with a depth separation of 3.1 mm. With
this configuration, the measurable imaging depth range for each signal was determined
to be around 2.95 mm, which is large enough for clinical imaging of pathologic posterior
eyes.

Since this polarization delay unit is compact in size and consists only bulk optical com-
ponents, the perturbation of the delay caused by temperature fluctuation is negligible.In
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Figure 4.2: Diagram of the Fourier transformed interference signals from horizontal (H)
and vertical (V) detection channels.

addition, this polarization delay unit relies only on passive polarization components. This
property results in high stability and easy operation of the JM-OCT.

4.2.3 Polarization diversity detection

JM-OCT relies on PD detection by which two interference signals corresponding to dif-
ferent polarization states are independently detected. It should be noted that the two
polarization states are not necessarily identical to those of the polarization delay unit. By
this detection scheme, two interference signals of different polarization states are simulta-
neously detected by two balanced photodetectors. Each interference signal generates two
OCT images at different depth positions, which correspond to the two incident polariza-
tion states multiplexed by the polarization delay unit. Finally, owing to the PD detection
and the incident polarization multiplexing, four OCT images are simultaneously acquired
as schematically shown in Fig. 4.2.

4.2.4 Phase calibration reflector

In this JM-OCT, the fluctuation in spectral sampling timing among OCT A-lines are
monitored and canceled by using a stable spectral interference fringe denoted as a cal-
ibration signal. The generation of a calibration signal relies on the imperfection of the
PBSs in the polarization delay unit. Ideally, the PBS separates S- and P-polarization
components by reflecting only the S-polarization component and transmitting only the
P-polarization component. However, with an off-the-shelf PBS, some portion of the P-
polarization component is reflected and mixed with the S-polarization component. At the
1.06-pm wavelength, according to the manufacturer’s specification, the reflected beam of
the PBS employed in the passive polarization delay unit (NT49-870, Edmund Optics Inc.,
US) consists of 4.4% of P-polarization.

Owing to this imperfection of the PBS, the polarization delay unit behaves as a Mach-
Zehnder interferometer with the OPLD of z; for the P-polarization component, and gen-
erates the calibration signal. The calibration signal is directed to the BPDs in the PD
detection unit through the 20/80 fiber coupler and a calibration reflector (box-A in Fig.
4.1).

As shown in the orange squares in Fig. 4.2, the calibration signal appears at the depth
location of zg4 that was exactly the axial displacement between the two depth-multiplexed
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signals. This calibration signal is used for the estimation of spactral shift.
It should be noted that the imperfection of the PBS does not disturb the polarization
sensitive measurement of JM-OCT. The details are discussed in Section 4.3.1.

4.2.5 Measurement protocol for the MF-OCT

For the simultaneous imaging of Doppler and PS-OCT, scanning protocol was revised
from the scanning protocol of HP-OCA. And, from the clinical study with HP-OCA [56],
it was known that the high-sensitive Doppler mode is clinically useful, so the scanning
protocol was designed as 512 A-lines x 4 frames (for fast axis scan) x 256 B-scans (for
slow axis scan). For a single cross-section, scanning of 512 A-lines were repeated 4 times,
this scanning protocol is for the calculation of Doppler phase shift and improvement of
SNR of Jones matrix elements. Around the region of interest, 6.0 mm x 6.0 mm area was
scanned and it taken 6.6 seconds for one volume data. And the structure, vasculature, and
RPE discriminable MF-OCT tomograms of each B-scan were calculated from 4 multiple
frames. Probing power for retinal measurement was 1.15 mW and sensitivity was 91.05
dB for the first Jones matrix element.

A tissue structure tomogram was obtained by maximum intensity projection (MIP)
of 4 Jones matrix elements. Global phase offset among 4 frames were compensated [92]
and 4 frames were averaged, prior to the MIP. Vasculature tomogram, Doppler phase shift
B-scan, was obtained from the phase difference between two A-Inies of successive B-scans,
and complex averaging of 3 Doppler phase shift of the first Jones matrix elements were
used as Doppler phase shift tomogram. RPE and exudation discriminable tomogram was
obtained by calculating degree of polarization uniformity (DOPU) [47]. Detail calculation
method is described in the section 4.3.

4.3 Post-Processing

4.3.1 Principle of Jones matrix OCT

Prior to the detailed processing algorithms of MF-OCT, conceptual principle of JM-OCT is

described in this section. By employing two incident polarization states and PD detection,

JM-OCT determines the polarization property of a sample through Jones matrix analysis

[38,93]. By denoting the Jones vector one of the incident polarization states as EZ(:L) =
T

[Hl(i) Vis)] and the corresponding OCT signals measured by the two detectors in the

. T
PD detection unit as ES;A(Z), E(()ZB(Z), and Egi&(z) = [ESZA(z) Eéi)tB(z) , the

relationship between E_ﬁ) and Eﬁi(z) becomes

=(1 =(1
ES)(2) = x Jau(2) EfY (4.1)
where J,;(2) is the Jones matrix representing the overall polarization property from the
output point of the polarization delay unit to the PD detection unit including the Jones
matrix of OCT system and the depth resolved round trip Jones matrix of the sample.
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is a general transform matrix which transforms the horizontal and vertical components of
the Jones vector at the PD detection unit to the two arbitrary polarization components
detected by the two detectors in the PD detection unit. Namely, x represents the imper-
fection of the PD detection such as the optical unbalance in the reference power of OCT
detection, the gain unbalance of photo-detectors and the cross-talk between two detectors.
Similarly, the other incident polarization component and its corresponding OCT signals
are related as
EP(2) = x Jau(z) E2. (4.2)
Note that, in the JM-OCT using polarization-delay-based multiplexing scheme, the
OCT signals corresponding to Efrll)(z) and El(i)(z) appear at two different depth. In order
to avoid the confusion, we define the variable of depth z as relative depth from each
zero-delay point of each incident polarization component. Namely, the same value of z
represents the same depth location in the sample.

Equations (4.1) and (4.2) can be combined as
Eout(2) = x Jau(2) Ei (4.3)

where E;,, = WY HKQ); Vig) Vlf)] and E,,;(2) is a matrix of measured OCT signals
Eéi)tA(Z) Eéi)tA(Z)
Eout(z) = ) (4.4)

1 2
Egup(2) Equypl2)
Note that, in Eq. (4.3), Eou(2) is a measured value, while E;, is predefined but not
accurately known matrix.
By considering the general configuration of the JM OCT, J,;(2) can be decomposed

into three components as
Jall(z) = Jout Js(z) Jin (45)

where J;;, is the Jones matrix from the polarization delay unit to the sample surface, Jout
is that from the sample surface to the PD detection unit and J,(2) = J.(2)7J%(2) is the
round trip Jones matrix of the sample with that of single trip J.(2).

The purpose of the JM OCT measurement is determining polarization properties of
Js through its eigenvalues. To obtain the eigenvalues, a similar matrix of J; is obtained
by the following protocol. First, the surface of the sample is segmented and E,,; at the
sample is obtained as E,y(z0) where zy represents the depth position of the surface. And
then, a similar matrix of the J¢(z) at each location in the sample is obtained as

Eout(z) :Eout(zO)_1 = X Jout Js(z) Jzn Ezn Ez_nl Jz_nl J;ult X_l

= X Jour Js(2) J;ult X_l (46)

This equation indicates that by using two measured matrices of Egy(2) and Egyi(20), we
can define the similar matrix of the round trip Jones matrix of the sample, and hence
its eigenvalues. It would be noteworthy that, JM-OCT provides this similar matrices
regardless of the combination of the input polarization states except the two states are



4.3. POST-PROCESSING 49

parallel to each other [93]. Owing to this inherent robustness, the imperfection of PBS,
which has been utilized to generate the calibration signal (see Section 4.2.4), does not
affect to the polarization measurement.

In practical implementation, E,,:(zp) is obtained by averaging the Jones matrices
at the surface of the sample within a B-scan by using adaptive Jones matrix averaging
method described in Section 4.3.3. This averaging enhances the signal to noise ratio (SNR)
of Eyut(20) and provides a more reliable result.

4.3.2 Phase retardation and relative attenuation calculation

The round-trip phase retardation of the sample is obtained from the similar matrix which
has been obtained through Eq. (4.6). The eigenvalues of the round round-trip sample Jones
matrix can be obtained through matrix diagonalization [35] or the following equation [94]

Mo=T/2+/T?/4 =D (4.7)

where T" and D are the trace and determinant of the similar matrix and A indicates
two eigenvalues of the matrix. Here we have utilized the fact that the eigenvalues of the
similar matrix are identical to those of the round-trip Jones matrix of the sample.

The phase retardation d(z) is then obtained as the phase difference between two eigen-
values as

6(z) = [Arg [AA3]| (4.8)

Note that 6(z) is defined to be aliased into the range of [0, 7] because the assignment of
A1 and Ay are underspecified.

In addition to the phase retardation, the relative attenuation between two character-
istic polarization states €(z) is obtained as

e(z) = ’1 A

n Nl (4.9)

4.3.3 Adaptive Jones Matrix Averaging

To obtain a high quality phase retardation image, adaptive Jones matrix averaging [92]
can optionally be applied to the similar Jones matrices.

This method relies on weighted least square estimation of the relative global phase
of a Jones matrix in respect to an arbitrary reference Jones matrix. Consider several
Jones matrices M) (or similarly several of E,,;) are obtained in a single homogeneous
birefringence domain of a sample but not within a coherence volume, i.e. the resolution
of OCT. Under this condition, it would be rational to assume the following relation ship;
MO ~ exp (z A<p(07j)) MU). Here Ap(®9) is the relative global phase between M(® and
MU, The basic concept of adaptive Jones matrix averaging is averaging M) after
canceling the global phase.

In the adaptive Jones matrix averaging method, the global phase between two Jones



50 CHAPTER 4. MF-OCT

matrix are estimated as

4 expi <Arg [Ml(j)/Ml(O)D

0,5) =
Ay = Arg o — 0 — ) (4.10)
2 faa
where Ml(‘j ) is the I-th entry of j-th matrix under averaging.
After determining the global phase, the averaged matrix is obtained as
M=) exp (z Aw(ovﬂ) MO, (4.11)
J

Note that M(® is a reference matrix for the determination of the global phase, and hence
the phase noise of this matrix should be small. In practical processing, a Jones matrix
possessing highest SNR among the matrices being averaged is utilized as M.

In practical JM-OCT measurement, this adaptive Jones matrix averaging is optionally
applied to the similar matrices (Eout(2)Eout(20)~!) with a averaging kernel smaller than
the birefringence domain of the sample prior to calculate the eigenvalues.

4.3.4 Degree of polarization uniformity calculation

Degree of polarization uniformity (DOPU) is a parameter originally introduced by Gotzinger
et al. [47] for representing the spatial uniformity of polarization.Since some important tis-
sues such as retinal pigment epithelium (RPE) are known to be selectively visualized by
DOPU contrast, DOPU imaging by JM-OCT is of great interest.

DOPU was first defined by using Hee-Hitzenberger type PS-OCT [32], and recently
applied for JM-OCT [90]. In our JM-OCT, DOPU is obtained directly from E,,;(z) by
following method.

Since DOPU is defined based on Stokes parameters of a back scattered light, we should
define a virtual incident beam with an arbitrary state of polarization. Horizontal polariza-
tion state was empirically selected and the virtual incident polarization state was assumed
as Eout(20)[1  0]7. The corresponding Stokes parameters are then defined as

9-
‘EautA z ‘ + ‘EoutB(Z ‘
2

)
)

I

@ ‘EoutA )‘ ‘ outB(z
Ul | 2Re (BG 4(2)BG) 5(2)")
VT [2m (B (B 5(2)")

Where, Re( ) and Im( ) represent real and imaginary value. Note that this Stokes param-
eters are only calculated from two OCT signals obtained from the PD detection unit.

DOPU is then defined as
/=2 —2 =2
DOPU=/Q " +U +V (4.13)

(4.12)
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" (Q,U,V) = (Z Qi Z Z ) (4.14)

where ¢ indicates i-th pixel within a spatial kernel by which DOPU is defined. It should
be noted that this DOPU was not directly determined from the polarization property of
the sample J4(2), but from Eyu(2) = x Jour Js(2). However, it would provide a rational
measure of DOPU of the sample because x and J,,; can be regarded as constant in space
and time.

In MF-OCT particular implementation, a kernel size of 8 pixels (horizontal) x 3 pixels
(vertical) is utilized.

4.3.5 Doppler phase shift calculation

In MF-OCT measurement protocol, the Doppler phase shift was defined as phase difference
between B-scans [81], and for this purpose, a single location of a sample is scanned multiple
times.

In general, a raw Doppler phase shift obtained from a living sample is expressed as

4T
A

AG(2) = T (z) + (4.15)
where A is the center wavelength, n is the refractive index of the sample, v, is an axial
velocity of the flow of interest, and ¢ is a constant phase offset occurred by a bulk motion
of the sample. 7 is a time interval between two A-scans under Doppler calculation, and in
our protocol, which is equivalent to the time interval of B-scans.

In MF-OCT, the raw Doppler phase shift A¢(j) is, in principle, defined by using the
coherently composite signals as

AP(z,7) = Arg[ Eout(z,7 + 1)Eout(z,j)*] (4.16)

where A¢(7) is the Doppler phase shift of an A-line in j-th B-scan against the correspond-
ing A-line in (5 + 1)-th B-scan. The the bulk phase offset ¢,(j) is obtained by averaging
the complex part of Eq. (4.16) as [95]

&5(j) = Arg | > Fout(z,§ + 1) Eou(z, 5)* (4.17)

where j denotes the index of B-scan.

In our measurement protocol, multiple (m) B-scans are obtained at the same location
of a sample. By using these m B-scans and its bulk phase offsets, a sensitivity-enhanced
Doppler signal is obtained as

mo+m—2

Ad(z,§) = Arg | Y Eout(z5 + D) Eout(z,§)" exp (—idn(5)) W (2, 4) (4.18)

Jj=mo
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Patient ID Sex Age Eye Diagnosis
Subject-11 M 68.8 R Wet AMD
Subject-12 M 43.9 L Neovascular maculopathy
Subject-13 F 67.8 L PCV
Subject-14 M 64.3 L GA

Subject-15 M 80.7 L PCV
Subject-16 M 58.2 R PCV

Table 4.1: Subjects of MF-OCT clinical study. R: right, L: left, M: male, F: female, # of
IVR: number of intravitreal injection of ranibizumab prior to the investigation with HP-
OCA. The multiple numbers in the cell of [# of IVR] represent multiple measurements by
HP-OCA after the each number of treatments.

where my is the starting B-scan index of the multiple B-scans, W (z, 7) is an intensity mask
defined as

1 ¢ Eou(z,j + 1) Egu(z,§)* > €

Wi(zJ) :{ 0 otherwise (4.19)

and €2 is the intensity of the noise floor of an OCT image.
For a particular case of m = 1, the bulk-phase-offset-free Doppler phase shift can be
defined as

E(Zaj) - Arg %(Z’j + 1)Eout(z7j)* exp (_qub(])) W(Z,j)] (420)

For displaying optical coherence angiography, the squared intensity of the Doppler
phase shift !M(z, j)‘2 is utilized.

4.4 Results

4.4.1 Multi-functional imaging

Figure 4.3 shows typical images of en face MF-OCT projection (Fig. 4.3a: OCT, Fig.
4.3b: power of Doppler, Fig. 4.3c: DOPU) and MF-OCT tomograms (Fig. 4.3d: OCT,
Fig. 4.3e: power of Doppler phase, Fig. 4.3f: cumulative phase, Fig. 4.3g: DOPU) which
were obtained from a normal macula of a 27-year-old Chinese male with -3.95 D myopia.
4 tomograms are extracted from the location indicated with yellow line in Figs. 4.3a—4.3c.
Red arrows indicate the retinal vessels, retinal vessels appeared with hyper-scattering
OCT intensity, non-zero Doppler phase, no-retardation and high DOPU value. Yellow
arrow indicate RPE level, RPE is the most-bottom layer among three hyper-scattering
layers (top: juction of the inner and outer segments of photoreceptor (IS/0OS), middle:
posterior tip of outer segment (PT), bottom: RPE) between retian and choroid. Depends
on the imaging condition or sample states, it is hard to distinquish RPE with OCT image,
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Figure 4.3: Left macular images of 27-year-old man without ocular disorder, en face
projection images of (a) structrual OCT intensity, (b) power of Doppler phase and (c)
DOPU, and cross-section images of (d) OCT, (e) power of Doppler phase, (f) cumulative
phase retardation, and (g) DOPU. Yellow line in (a)—(c) indicates location of (d)—(g).
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however, RPE is distinquishible with DOPU imaging as shown in Fig. 4.3g. White arrow
indicate the location of choroid-sclera interference (CSI), birefreingence of sclera induce
increase of phase retardation.

4.4.2 Case-T7: Geographic atrophy

Figure 4.4 summarizes a case of geographic atrophy (GA). The subject was 64-year-old
man (Subject-14 in Table 4.1). A circular atrophy was observed over macular region by
low auto-fluorescence in fundus auto-fluorescence (FAF) (yellow dashed cirle in Fig. 4.4c),
and the corresponding region was indicated with yellow dashed circles in other en face
images. ICGA (Fig. 4.4b) shows clearer choroidal vasculature in the GA region compared
with vasculature of non-GA region. Color fundus photograph(Fig. 4.4a) show bright yellow
color in the GA region.

OCT en face projection (Fig. 4.4d) shows a similar appearance with color fundus photo-
graph including the GA region appeared with hyper-scattering intensity. This appearance
would be caused by the deep penetration into the choroid due to the RPE damage and
induced lower absorption in RPE location. The deep penetration is clearly seen from the
cross-section image of OCT intensity as indicated with black arrows in Fig. 4.4 g and j
(Boundary of GA region is indicated with two dashed vertical lines and the corresponding
reigion is indicated in other cross-section images.), and the choroid part under the GA
region show more high-scattering intensity compared with non-GA region.

DOPU cross-sectional images (Figs. 4.41 and 4.41) show high DOPU value at RPE
location in GA region while the other PRE location in non-GA region show low DOPU
value. This makes the DOPU en face projection in the RPE location (Fig. 4.4f) to appear
similarly with FAF image.

Broken Bruch’s membrane (BM) was observed in the GA region with low scattering
intensity at the BM location as indicated with red arrow in Fig. 4.4g, at the same location
abnormal Doppler signal was observed (arrow in Fig. 4.4h). and near the broken BM
location, abnormal Doppler sinals were observed above BM level as indicated with arrow
in Fig. 4.4k. These abnormal Doppler signals were indicated with arrow in Doppler en
face projection image (Fig. 4.4e). ICGA image also shows the similar vasculature (arrow
in Fig. 4.4b).

This subject was originally diagnosed as GA in the hospital, however from the in-
vestigation with MF-OCT abrnomal Doppler signals were observed as choroidal neo-
vascularization (CNV). And the similar appearance of vasculatures were identified in
ICGA. After the MF-OCT investigation, this case was suspected as an end-stage of wet
AMD or a secondary GA from wet AMD.

4.4.3 Case-8: Wet AMD with CNV

Figure 4.5 introduces a case of wet AMD investigated with MF-OCT. The subject was
69-year-old man (Subject-11 in Table 4.1). CNV was observed from mid-phase of ICGA
image as indicated with arrow in Fig. 4.5b, and the CNV was surrounded by dark-rim.
Late-phase of FA image (Fig. 4.5¢) shows the leakage at the CNV location, it can be known
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Figure 4.4: Left macular images of 64-year-old man with GA, (a) Color fundus photogra-
phy, (b) ICGA (mid-phase), (c¢) fundus auto-fluorescence, en face projection images of (d)
structrual OCT intensity, (e) power of Doppler phase and (f) DOPU (DOPU was projected
in RPE region), and cross-section images of (g),(j) OCT, (h),(k) power of Doppler phase
and (i),(1) DOPU. Yellow and red arrows pairs in (d)—(f) indicate locations of (g)—(i) and
(j)—(1), respectively.
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Figure 4.5: Right macular images of 69-year-old man with wet AMD, (a) Color fundus
photography, (b) indocyanine angiography (mid-phase), (c) fluorescence angiography (late-
phase), en face projection images of (d) OCT intensity, (e) power of Doppler phase and
(f) DOPU, and cross-sectional images of (g) OCT, (h) power of Doppler phase and (i)
DOPU. Yellow lines in (d)-(f) indicate locations of (g)—(i), respectively.
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that the CNV is in active state. And color fundus photograph (Fig. 4.5a) show moderate
bright appearance around CNV location.

OCT intensity en face projection (Fig. 4.5d) shows similar pattern with olor fundus
photograph at the CNV location, however the appearance is slightly different. OCT en
face projection image show low-scattering intensity at the CNV location while color fundus
shows bright appearance.

En face Doppler projection (Fig. 4.5e) shows similar appearance with ICGA including
the CNV. Abnormal Doppler signals were observed at the CNV location and surrounded
by hypo-Doppler signals as indicated with two red arrows in Fig. 4.5e. the The cross-
sectional image of Power Doppler (Fig. 4.5h) shows the depth location of the abnormal
Doppler signal as indicated with two red arrows in Figs. 4.5h and 4.5g, Doppler signals are
were observed at the exudation and connected with choroid. Beneath of the exudation,
RPE deformation was observed as indicated with yellow arrow in DOPU B-scan image
(Fig. 4.51). This RPE deformation was appeared with crescent shape in DOPU en face
projection (Fig. 4.5f) with low DOPU value around CNV location. This RPE deformation
corresponded to the leakage location of FA ((arrow in Fig. 4.5¢).

4.4.4 Case-9: PCV with polypoidal CNV and RPE damage

Figure 4.6 introduces a case of PCV investigated with MF-OCT. The subject was 58-year-
old man (Subject-15 in Table 4.1). Hemorrhage with large crescent shape was observed
in color fundus photography(Fig. 4.6a), late-phase of FA (Fig. 4.6¢) and FAF image(Fig.
4.6f) inferior side of pigment epithelium detachment (PED) with dark appearance. Mid-
phase of ICGA (Fig. 4.6b) shows PED with hypo-fluorescence and polypoidal CNV was
observed in the peripheral region of PED and leakage was observed at the location of the
polypoidal CNV in the late-phase of FA (Fig. 4.6¢) as indicated by red arrow in each
figure.

OCT en face projection of this case does not show the similar crescent shape of hem-
orrhage as color fundus images. However, OCT en face projection shows well delineated
boundary of PED with hyper-scattering signal, this is related with highly elevated PED
and its stiff angled RPE of PED as shown in OCT cross-sections (Figs. 4.6g and 4.6j).
Doppler en face projection (Fig. 4.6e) shows abnormal Doppler signal at the location of
polypoidal CNV as indicated by arrows. (The Doppler signals inside of yellow dashed
circle in Fig. 4.6e are artifacts, they are induced by unwanted specular reflection on lens
surface during the scanning.) Two cross-sections (Figs. 4.6g, 4.6h, and4.6i - yellow line
framed and Figs. 4.6j, 4.6k, and 4.6] - red line framed) were extracted from polypoidal
CNYV location. In the yellow line framed cross-sections, Doppler signals were observed
beneath the PED and RPE appeared with low DOPU value over entire region include
PED. In the red line framed cross-section also shows abnormal Doppler signals beneath
PED and the RPE above the abnoral Doppler signals appeared with high DOPU value as
indicated with circle in Fig. 4.61. This location is well matched with the location of RPE
damage in FAF (arrow in Fig. 4.6f).
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Figure 4.6: Right macular images of 58-year-old man with PCV, (a) Color fundus pho-
tography, (b) indocyanine angiography (mid-phase), (c¢) fluorescence angiography (late-
phase), and (f) fundus auto-fluorescence (FAF), en face projection images of (d) OCT
intensity and (e) power of Doppler phase, and cross-sectional images of (g) OCT, (h)
power of Doppler phase and (i) DOPU. Yellow and red arrows pairs in (d)—(f) indicate
locations of (g)—(i) and (j)—(1), respectively.
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4.5 Discussion

4.5.1 Effect of practical factors in JM-OCT measurement

In this discussion, the fundamental robustness of the JM-OCT method is present. As
discussed in Section 4.3.1, the relationship between incident and output light in an ideal
JM-OCT is described by Eq. (4.3).

In a practical system, several additional factors should be considered. By accounting
for these factors and by substituting J,;;(2) = Jouwds(2)Jin, Eq. (4.3) is modified to

Eout(2) =n X' RpJout Is(2)Jin X f (X Eyp, ) (4.21)

where X is a matrix representing the imperfection of the PBS in the polarization delay
unit. Because it is used to generate the calibration signal, there is a significant amount of
polarization cross-talk in the PBS. The off-diagonal entries of X account for the cross-talk
and the diagonal entries represent the transmittance and reflectance of the horizontally
and vertically polarized light. f() is a function which represents the delay between two
incident polarization states generated by the polarization delay unit. R represents in-

terference with the reference beams and is R = [H;‘e 7 0; 0 K‘if:| where H;fef and Vr*ef
are the complex conjugates of the field amplitudes of the reference beam with horizontal
and vertical polarization states. p is a rotation matrix representing the relative rotation
between the polarization delay unit and the PD detection unit. X’ represents the imper-
fection of the PBS in the PD detection unit, similar to that of the polarization delay unit
X. Finally, n represents the detection efficiency of the two BPDs in the polarization delay
unit as n = [n4 0; 0 np|, where n4 and np are the detection efficiencies of the two BPDs.

Although E,(z) is affected, these practical factors do not affect the phase retarda-
tion measurement. In JM-OCT, a similar matrix of Js(z) is obtained by Eq. (4.6). By

substituting Eq. (4.21) for Eq. (4.6), we found
Eout(2)Eout(20) P = X' R pJous J5(2) Jgult p IRIX gL (4.22)

It is evident that the right-hand side of this equation retains its similarity to Js(z). Hence
all the practical factors discussed in this section do not significantly affect the JM-OCT
measurement.

4.5.2 DOPU and input polarization states

As described in Section 4.3.4, DOPU values were calculated from the the Stokes param-
eters of back scattered light, and the input polarization state was virtually emulated as
horizontal polarization state. Because, the non-modulated input polarization state was
horizontal state and it has relatively higher SNR than delayed vertical polarization state.
Fig. 4.7 shows 6 DOPU images which were obtained by different input polarization states,
Figs. 4.7a-4.7f are DOPU images obtained from inputs of horizontal, vertical, +45°, -45°,
left-hand circular and right-hand circular polarization states, respectively. Location of
RPE in 6 DOPU images commonly appeared with low DOPU values compared with other
tissue region, however contrast of RPE to the other tissue is different depends on the input
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Figure 4.7: DOPU imaging according to the input polarization states. (a) horizontal
polarization state, (b) vertical polarization state, (c) +45 ° polarization state, (d) -45
° polarization state, (e) left-hand circular polarization state, and (f) right-hand circular
polarization state. Double yellow arrow in each figure represnts input polarization state.

polarization states, among them, DOPU of horizontal polarization state input shows bet-
ter contrast than other input state cases. The effect of different contrast is clearly obseved
in the pathologic region as indicated with white circles in Fig. 4.7. Fig. 4.7a clearly shows
the abnormal RPE at the peak of PED.

4.6 Summary

The development of MF-OCT based on JM-OCT extended the investigation of HP-OCA
to the simultaneous Doppler and polarization properties imaging. MF-OCT demonstrated
structure, vasculature, exudation and RPE discriminable imaging. Among 6 cases clinical
investigation with MF-OCT, clear abnormal Doppler signals were observed from 5 cases
at pathologic region and the location was well correlated with CNV location in ICGA.
Abnormal RPEs were observed from 6 cases at patholgic region and the location was
corresponding to the low auto-fluorescence of FAF.
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Conclusions

5.1 Clinical utility of HP-OCA

While FA and ICGA use fluorescent dye as a vessel contrast agent, HP-OCA uses blood
flow as a contrast source. The different vessel contrast mechanism between conventional
angiography and HP-OCA would result in different characteristics. FA and ICGA have
advantages of time elapse imaging after dye injection and investigation of tissue damage
through dye leakage. Conversely, OCA has the two major advantages of three-dimensional
investigation and non-invasiveness. The three-dimensional visualization of the ocular vas-
culature would provide more detailed insight of the pathology. The non-invasiveness en-
ables safe and frequent application of OCA to the patient. Therefore, OCA can be utilized
not only for a specific clinical diagnosis but also for mass-screening.

5.2 Clinical utility of MF-OCA

MF-OCA demonstrated structure, vasculature, exudation and RPE discriminable imaging.
RPE and hard exudates commonly have polarization scrambling property, and appeared
with hyper-scattering in OCT intensity and non-zero Doppler phase value. Currently, the
discrimination of RPE and hard exudates is done subjectively according to the difference
in morphological location. Similar vasculature patter between Doppler en face images and
ICGA was observed as HP-OCA. Abnormal RPE cells were observed at patholgic region
and the location was corresponding to the low auto-fluorescence of FAF.

5.3 Summary

HP-OCA was developed for an alternative non-invasive angiographic modality. Oph-
thalmic clinical utility was investigated with 10 cases of exudative macular diseases, and it
was found that the HP-OCA is able to be utilized as a supplementary angiographic modal-
ity. MF-OCA, functional extension of HP-OCA for the polarization sensitive imaging, was
demonstrated and simultaneous vasculature and RPE imaging is available. Preliminary
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clinical study was done with 6 cases, and clinical utility of MF-OCA is also expected as a
comprehensive ophthalmic imaging modality.
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