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Abstract: This paper describes a complex correlation mapping algorithm
for optical coherence angiography (cmOCA). The proposed algorithm
avoids the signal-to-noise ratio dependence and exhibits low noise in
vasculature imaging. The complex correlation coefficient of the signals,
rather than that of the measured data are estimated, and two-step averaging
isintroduced. Algorithms of motion artifact removal based on non perfusing
tissue detection using correlation are developed. The agorithms are
implemented with Jones-matrix OCT. Simultaneous imaging of pigmented
tissue and vasculature is aso achieved using degree of polarization
uniformity imaging with cmOCA. An application of cmOCA to in vivo
posterior human eyes is presented to demonstrate that high-contrast images
of patients’ eyes can be obtained.
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1. Introduction

Optical coherence angiography (OCA) is a non-invasive vasculature contrast technigue
based on optical coherence tomography (OCT). OCA has been used in severa applications,
e.g., ophthalmology [1-5], oncology [6], neurology [7], and gastroenterology [8]. Several
angiography methods and algorithms have been developed, including OCA based on Doppler
phase-shift detection [9-11], high-pass filtering techniques [12-18], intensity variance [19],
and phase-shift variance [20, 21]. Methods based on intensity correlation [22—24] and complex
correlation [6, 25-27] have aso been presented. Among these, the complex-correlation-based
technique uses all of the complex information of OCT, and provides good vasculature contrast
[27]. In addition, the correlation-based methods are sensitive to the mobility of scatterers and
less sensitive to the Doppler angle [28].

Despite these advantages, complex-correlation-based OCA still suffers from certain
problems. First, the correlation coefficient is not only affected by motion, but also by the
signal-to-noise ratio (SNR) [29]; i.e., low SNRs create artificialy high flow signals. A signal-
intensity-based threshold has been widely used to remove the low-SNR regions [20, 24,27, 30],
but the correlation signals above the threshold are still affected by the SNR, and this approach
is not fully quantitative. The second point is the variance of the estimated complex correlation
coefficient. This is limiting the contrast of vasculature imaging. For in vivo imaging, the
involuntary motion of samples causes decorrelation and artifacts.

In this paper, a new OCA method, which we call correlation mapping OCA (cmOCA), is
derived using the SNR-corrected low-noise complex correlation. We present SNR-correction
and variance-reduction theories for the complex correlation coefficient estimation (Section 2).
The treatment of bulk tissue motion is described in Section 3.1 and Section 3.2. The cmOCA
method is applied with Jones matrix OCT (JM-OCT) [31-37], which is atype of polarization-
sensitive OCT that has multiple polarization detection channels and enables polarization-
sensitive contrast. Details of the implementation of cmOCA with IM-OCT are presented in
Section 4. The combination of degree-of-polarization uniformity (DOPU) and cmOCA for
simultaneous visualization of vasculature and the retinal pigment epithelium (RPE) in the eye
(Section 5.3) is also described. The cmOCA method is applied to normal and pathologic eyes.

2. Theory of SNR-corrected low-noise complex correlation coefficient estimates

In this section, the general complex correlation coefficient of OCT signal and its estimate
are derived (Section 2.1). The SNR-corrected low-noise estimator of the complex correlation
coefficient is then described (Section 2.2). The notations used here and the following sections
arelisted in Appendix B.
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2.1. Complex correlation of OCT signals

By assuming that the OCT signal at the spatiotemporal point r = (x,z,t) (where x is the
transversal position, z is the axia position, and t is time) is a random variable G(r), the
covariance matrix between two OCT signalsat r and r + Ar can be expressed as

E[IG(N)[?] E[G(r)G*(r +Ar)]

26400 = [gG(rranGi(n)]  E[G(r+anP] | @)

where E[ | represents the expectation, and E[G(r)] is assumed to be zero. The population
correlation coefficient pg and phase offset 6 between G(r) and G(r + Ar) are
i (Arr) _ E[G(I’)G*(I’ —|—AI’)]
VEIG(r)PIE[IG(r +ar)[
The correlation coefficient pg is estimated using the sample covariance matrix Sg between
the measured OCT signal pair g(r) and g(r + Ar) which is obtained as
Se(Ar;r) = (g(Ar;ngh(arr)),,

<[ l9(r)[? g(r)g*(r+Ar>]> &)
g*(ng(r+Ar) |g(r+Ar)|? e

pc(Ar;r)e @

where

g(r +Ar)

and (-),, is an averaging operation across awindow w. The superscript T denotes the conjugate
transpose operation. The correlation coefficient estimate of pg is then obtained as

g(arir) = [ 9(r) ] 4

ISc12|
\/SG11* Sc22

where sgpq are the entry of the estimated covariance matrix Sg at p-th row and g-th column.

In practical OCT measurements, the correlation coefficients obtained from measured OCT
signals are not only affected by the true OCT signal, but also by noise. The OCT signal to be
measured at the spatiotemporal point r can be considered as the summation of the true OCT
signal S(r) and some random additive noise N:

G(r) =S(r)+N. (6)

rg(Ar;r) = pg(Ar;r) = (5)

By assuming S(r) to be a zero-mean process and N to be a zero-mean stationary random
process, the covariance matrix [Eq. (1)] can be written as

E[IS()?] +E[INJ?] E[S*(r)S(r +Ar)]

Fo(A0 = Els (r+-ans()] E[S(r+An)] +E[N[Z. v

The correlation between measured OCT signals at different spatiotemporal points, pg(Ar;r),
can then be written as the product of the correlation coefficient of the true OCT signals,
ps(Ar;r), and afactor expressing the noise effect, psnr(Ar; 1), as[29]

PG (Ar;r) = psnr(Ar;r)ps(Ar;r), ®
hee E[S"(1)S(r +4r)
*(r)S(r 4 Ar
ps(Ar;r) = > > )
VEIIS(r)PIVE[S(r +Ar)[]
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-1
memﬂry:{¢1+SNRu)1¢1+SNRU+A01 . (10)

psnr(Ar;T) [EQ. (10)] is adecorrelation factor caused by the random noise, where SNR(r) =
E [\S(r)ﬂ /E[IN|?]. Hence, rg [Eq. (5)] does not provide an accurate estimate of the signal

correlation ps.
The bias by, and variance oy, in the correlation estimate rg are expressed as

bI‘G = E[rG] —pPs, (11)

ors = E[rd] —E[rs)’. (12)

The bias decreases with higher SNRs. ASSNR — oo, psyr — 1 and pg — ps. Thus, the bias by,
decreases. However, the variance of estimation is not always small at high SNRs. The variance
oy, depends on pg, and rapidly increases as pg decreases [38,39]. Hence, the variance is large
with small ps even when the SNR is high (Table 1). The large variance oy, will resultsin the
noise of the correlation imaging.

Table 1. Variance of correlation coefficient estimation oy, .

ps "
SNR low ~1
high high low
low high high

2.2. SNR-corrected low-bias, low-noise complex correlation estimation

The correlation of signal ps(Ar;r) can be estimated using the noise power estimation technique
presented in our previous studies [29, 40]. In the present paper, we further modify this method
to achieve alower estimation noise than the previous approach.

The signal correlation was estimated as

Is12]
V5611 — Gn][Se22 — Gn]|

where sspq are the entry of the estimated covariance matrix S at p-th row and g-th column, and
Gn isan estimation of the noise power, obtained as

v = (10n(t) — (Gn()[?) . (149

t

rs(Ar;r)

(13)

where (), denotes time-averaging. gn(t) is the measured OCT signal obtained without a
sample. This can be pre-determined by blocking the probe beam, or can be estimated from
tissue measurement data using OCT signals from non-tissue regions. Here, we assume the noise
N isidentical in space. However, some OCT systems have a depth-dependent noise power. In
this case, the noise power Gy should be treated as a function of depth z. The SNR-correction,
however, does not reduce the variance of the estimation.

To reduce the estimation noise, a second averaging is applied to estimate the magnitude of
the covariance and the geometric mean of variances. A correlation estimate with lower noise
than Eq. (5) can be obtained using an averaging window w- as

To(Ar;r) = _ llsozlw, . (15)

<\/5611 : Sezz>W2
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Similarly, alow-noise signal correlation estimate is obtained from Eqg. (13) as

Ts(Ar;r) = (Ise12l)w, , (16)
<"3\/| [Sc11 — Gn][Sc22 — GN] |>W2
where R .
e sgn(se11 — Gn) +Sgn(5622—QN)_ 17)

2
The sign ¢ is applied to suppress the bias of the denominator of Eq. (16) after the averaging
<>W2when the signal is zero (See Section 7). Note that the estimate of Eq. (16) can be negative
or exceed 1. For imaging, the range of estimate fs will be wrapped as described in Section 5.1.

3. Correlation mapping optical coherence angiography

The present paper aims to demonstrate high-contrast OCA using the correlation coefficient of
the true OCT signal, as shown in Section 2.2. We refer to this as correlation mapping OCA
(cmOCA).

Typicaly, a single location on the sample is scanned multiple times, and the temporal
correlation is calculated to contrast the blood flow. The temporal correlation between time
pointst andt + 7 at space point (x,z) isdenoted as ps(Ar; 1) (0,07 in thenotation of Section
2. Hereafter, thisis denoted as ps(7;r) for smplicity.

During the estimation of the temporal correlation coefficient, temporal averaging will be
applied, and then the spatia distribution of the signal correlation coefficient is obtained,

Fs(ri,rj) — Ts(t;X,z). This can be described as
(|tomg C+©.0.h ),

<s¢ [0, — 6] [<|g<r+<o,o,r>>|2>wl—dN}\>

Two specific issues for in vivo cmOCA measurements are also discussed. These are
associated with the bulk sample motion. The first issue is the bulk phase offset caused by the
axial shift of the sample between the two time points for which the correlation is computed.
Two approaches to avoid this bulk phase offset are described in Section 3.1. The second issue
isthe reduction in the correlation coefficient due to the general bulk motion of the sample. This
creates artifacts, which affect our primary interest of visualizing only the region with real blood
flow. Section 3.2 presents a method to remove such artifacts. The processing flow is described
asablock diagramin Fig. 1.

Ts(T;%,2) = (18)

W2

3.1. Bulk-motion-induced phase-offset problem

The bulk motion of tissues induces a substantial phase shift, and this significantly decreases
the correlation coefficient when the averaging window <>W1 in Eq. (18) is extended along the
temporal direction. There are two approaches to overcome this problem. Oneisto apply abulk-
phase-offset correction to the estimation and the other isto form an estimation that isinsensitive
to the bulk-phase-offset.

3.1.1. Bulk-phase-offset correction

To eliminate the bulk-motion effect, we must detect the magnitude of the bulk-phase offset. For
this purpose, previous studies have introduced sophisticated methods [9, 11, 41-43]. Although
these methods exhibit high detection accuracy, they also suffer from high computational costs.
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Fig. 1. Schematic block diagrams of cmOCA processing. (&) Overall processing. (b)
Covariance matrix estimate with bulk-phase-offset correction.

Some simpler methods have been used for vasculature imaging [20, 44-46], but their use is
limited to specific cases, such as when the non perfused region isdominant in each axial profile.

Table 2. Correlation coefficient pg for each tissue type and SNR.

Type | non perfused . .
SNR tissue flowing particles
high high low
low low—moderate low

Here, we describe a simple and robust bulk-phase-offset correction method. The key of this
method isthe estimation of locations of non-perfused tissue. The non perfused regionis selected
for each axia profile using the characteristics of data correlation coefficient pg. According
to the relationship between correlation and SNR [Eq. (8)], locations with high correlation
coefficient pg, are very likely to be tissue without perfusion and simultaneously to have high
SNRs. Such high SNRs are preferable for the reliable estimation of the bulk-phase offset. The
relationship is summarized in Table 2.

#259170 Received 9 Feb 2016; revised 24 Mar 2016; accepted 24 Mar 2016; published 29 Mar 2016
©2016 OSA 1 Apr 2016 | Vol. 7, No. 4 | DOI:10.1364/BOE.7.001525 | BIOMEDICAL OPTICS EXPRESS 1532



To implement this method, the covariance matrix estimation process [EQ. (3)] isresolved in
two steps, i.e., bulk-phase-offset estimation and averaging after the phase correction. A block
diagram of this processing framework isshownin Fig. 1(b). Inthefirst step, asample covariance
matrix similar to Eq. (3) is estimated as:

Se(mir) = (9(mir)g'(Tin),, - (19)
and the data correlation T is then estimated using Egs. (15) as

<‘S/612‘>w’2
(v 51611'52322>w’2’

To prevent the disruption caused by bulk-phase offset, the estimation <>W,1 of Eq. (19) should be
computed by time-independent averaging, e.g., axial averaging. The bulk-phase offset between
time pointst and t + 7 is then determined at depth z™®(; x,t), which exhibits a high value of
Tg ax, as

Ts(Tr) (20)

A¢m (T; th) =ag { <52312(T; r |z=zmax(r;><7t))>W3 } . (21)
Using Eq. (21), the bulk-phase-offset is corrected and the covariance matrix isfinally estimated

SG11 Sg1 A0m (XY
Se(T:%,2) = < [{S/ efiA(pm(r;x,t)}* g : (22)
G12 G2 W

The signal correlation map Ts(7;X,2) is estimated by substituting Egs. (19) and (21) to (22)
into Eq. (16) as
>W2

<£\/‘ {<<|g(r)|2>wg>w,1, - ﬁN} {<<|g(r +(0,0, T))|2>W3>W/l/ B QN:|

3.1.2. Phase-noise-immune estimate

<’<<9(r)g*(r + (0,0, 7:))>W,1 e*iA¢m(r;x,t)>

/!
W1

Ts(T;%,2) = (23)

.

In the case of swept-source OCT (SS-OCT) systems, the phase fluctuations caused by
asynchronous acquisition [47] and/or random phase noise of coherence revival signals [48]
make it difficult to acquire phase-stable signals. In addition, when no k-clock is used [49], the
low repeatability of the wavelength sweep of a light source could further degrade the phase
stahility.

In such cases, another algorithm with phase-noise immunity is applied. The sample
covariance matrix Sg is estimated as similar to Eqg. (3) as:

Se(nir) = (9(;n)g' (z;r)),, (24)

To minimize the effect of the phase fluctuation, the averaging window ws is selected within
time independent region asin Eq. (19). One exampleis axial averaging [27].

3.2. Removal of bulk-motion artifacts

Motion artifacts can occur in cmOCA images as aresult of the de-correlation due to involuntary
eye motion. This section describes a method to remove these artifacts from correlation
coefficient estimates which is obtained without bulk-phase-offset problem (Section 3.1).
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If the bulk tissue motion is rigid trandation, and its velocity is quite smaller than the net
blood velocity, the correlation ps(t;r) can be decomposed as

ps(T:r) = pi(T;1)pm(T; X, 1), (25)

where p¢(1;r) isthe correlation coefficient corresponding to blood flow. Thisis mainly caused
by the motion of blood cells. pm(7;X,t) is the correlation coefficient corresponding to bulk
motion, which is uniform along the axial direction because single axia profiles are acquired
simultaneously by Fourier-domain OCT. By assuming the bulk tissue motion velocity is
constant during the temporal estimate window of correlation, the correlation estimate Ts(7; x,z)
can be expressed as

Ts(T;%,2) =~ F (7;X,2)Mm(7;X), (26)

where ' (1;X,2) isthe net correlation coefficient corresponding to blood flow. The reduction of
Ts(7;x,2) due to rn(7;X) is the source of the bulk motion artifacts. Because the correlation
coefficient is estimated with bulk-phase-offset correction (Section 3.1.1) or phase-noise-
immune estimate (Section 3.1.2), decorrelation due to bulk-phase-offset is avoided. Our
motion-artifact-correction method first estimates ry, (7; x), and then removes this quantity from
Ts(7;%,2).

As discussed in Section 3.1.1, tissue with a higher data correlation is more likely to be
non perfused tissue with a high SNR. For such non perfused tissue, the correlation coefficient
estimate Ts(t;x,z) will be identical to ry(7;X), S0 Ts(7;X,2) in the non perfused tissue can be
used to cancel out the bulk motion artifacts. The correlation coefficient Tg(7;X,z) is obtained
from the covariance matrix estimate Sg [Eq. (22) or (24)] in the manner of Eq. (15) as

o Alse1zl)w,
fe(T;X,2) = m 27)

Hence, the signal correlation estimate Ts at the depth of the maximum of Tg(1;x,z) isused as
an estimate of rp,:
fm(T;X) = Ts(T; X, argmaxrs(T;X,2)). (28)
z

The bulk-motion-corrected signal correlation coefficient isfinally obtained as

s(7;X,2)

fo(T;sz) = fm(T'X) .

(29)
This estimate represents the correlation due to flow, and is used to form bulk-motion-corrected
cmOCA images.

4. Method

In this paper, we use Jones matrix OCT (JM-OCT), which is a multi-channel extension of
OCT. IM-OCT was originally devel oped for polarization-sensitive imaging [31-33,50] and has
recently been applied to multifunctional imaging [1,49, 51].

First, we describe the scanning protocol for cnOCA measurements, and re-define variables
to indicate sampling points (Section 4.1). The details of cmOCA implementations with JM-
OCT isthen described (Section 4.2).

4.1. Measurement protocol and correlation for cnOCA

For cmOCA measurements, multiple frames (B-scans) are obtained from the same position
on the sample. The schematic diagram of these sampling points is shown in Fig. 2. A single
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Fig. 2. Schematic diagram of applied scanning protocol .

location on the sample is scanned multiple times by this scanning protocol. The correlation is
computed at each spatial position among the frames.

JM-OCT simultaneously provides four independent OCT signals [49]. These are denoted
as g(x,z, f,p), where f is the index of frame and p = 1,2,3,4 is the index of the IM-OCT
channels. Note that variables x and z are re-defined as sampling point indices along the lateral
and axial directions, respectively. The time correlation between frames f and f + 1 at space
point (x,z) of p channel is denoted as ps(7;x,z, f,p) , where 7 is the time separation between
successive frames. The correlations, covariance matrices, and their estimates are denoted in the
same manner.

4.2.  ¢cmOCA implementation with JM-OCT

To obtain lower bias in correlation estimate, alarge number of samplesis required to estimate
the covariance matrix [Eq. (3)]. To increase the size of the average (),, ,» the bulk-phase-offset
correction (Section 3.1.1) is preferable to extend the window wq along temporal axis. Each
averaging operation in the pre-processing of the bulk-phase-offset estimate [Egs. (19) and (20)]
isreplaced according to Table 3 as

1 D
S'GM(r;x,z,f,p)E529(1;x7z+d,f,p)gT(T;X’Zde’f7p) )
d
yh_1_|gM
TQA(T;X,Z, f)= P Gn(p) | G12 o

o qu(p) \/ 811 582
where D isthe size of the averaging kernel along the axial direction. Here, we have used the K

pixels with the highest correlation coefficients T/ in each axial profile to estimate the bulk-
phase offset. The axial indices of these pixels are denoted as z®(t;x, f), with the index

#259170 Received 9 Feb 2016; revised 24 Mar 2016; accepted 24 Mar 2016; published 29 Mar 2016
©2016 OSA 1 Apr 2016 | Vol. 7, No. 4 | DOI:10.1364/BOE.7.001525 | BIOMEDICAL OPTICS EXPRESS 1535



Table 3. Assignment of averaging and variables for each imaging mode.

High-contrast mode Single-channel mode
(Section 4.2) (Section 4.2.1)
D
Covariance (), %Z-(Zer) 2 z+d)
matrix L1 dL F-1
estimate 1 N
S (x+1, f {(x+1,f)
<>W1 L(F*l) |lf ( ) | -
Correlation 1 )
. . — n/a
estimate e Y5 1/Gn(p) Zp“ Gn(p)
Bulk-phase (), - i -(p) na
offsat 2 Zp 1/qNFgE) p UN (p) .
estimate 13 1
<> Med =~ (szmaxvp) Med — '(Xazmax)
W3 X PK p_’k k X K % k
. . . 18,
Noise power G an(p) ﬁz n(P)
P

k identifying these pixelsas k = 1,--- K. Asin Eq. (21), the bulk-phase-offset estimate is
obtained from s, (7;x,z, f, p) at depthsz"(;x, f) as

K

Plng S (T3 X, 2 rx,f),f,p)}}, (32)

k=1

AoY (T;%, f) = arg{MXed

where Mxed[~] represents the median operation along the transverse (x-) direction, which is

independently applied to the real and imaginary parts. In this paper, we consider K = 5, and
select +15 lines to compute the median Mxed. The bulk-phase-offset correction is applied to

SM [Eq. (30)] with Eq. (32). The covariance matrix estimate is obtained with lateral and frame
averaging for <>W,1,. The correlation coefficient estimate is then described from Eq. (23) using

the noise power of each channel Gy (p) as

So g Bt XL z+d,fp)gT(x+ 1,2+, T+ 1, ple ol (mx 0]

2p qxzp {HZ:'deF 'lo (x+|’z+d’f,p)|2fLD(F*1)QN(p)}

x [SHPF Hlgx-+1.24d,41,p) P~ LD(F ~ 1)dn(p)]|

™M(1;x,2) =

)

Nl

(33)
where L isthe size of the averaging kernel along the lateral direction.

The bulk-motion-artifact correction (Section 3.2) is then applied to TSM(r;x,z). For this
correction, the estimated data correlation T¥ (7;x,z) is first obtained by avoiding the noise
power subtraction and the sign € in the Eq. (33). The bulk-motion-induced net correlation is
estimated using Eq. (28) with T (;x,2) as i¥ (x) = T¥ (1;x,argmaxt¥ (1;x,2)), where M is

z
the estimated bulk-motion-induced correlation during the acquisition of F frames at a lateral
point with index x. Finally, the bulk-motion-corrected signal correlation is obtained as

M ( -
e (1;X,2)
M /... _— 'S il
Tst(TX,2) = 2y oo (34
M (7;x)
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4.2.1. Single-channel mode without variance averaging

To compare with and without the second averaging (),,,, the coherent composite signal was
calculated and the same covariance estimation was applied. This mode is corresponding to
the previous complex correlation estimation method [29] in standard single-channel OCT. The
polarization channels are coherently averaged after the correction of phase offset [49] to obtain
the coherent composite signal g®(x,z, f) = 3 X7 g(x,z, f,p)e 2P where A0(p; 1) is the
phase offset between the channel p and channel 1. Because of the coherent averaging, the
noise power will be reduced by the number of polarization channels P. Then, the correlation
coefficient estimation was applied as the same as Section 4.2 except the polarization channel
averaging.

IOk 1,z d, )g (x1,2+d, 4 D)e e (LD
e(x,2) {| [ZHof oS0+ 1z+d, )2~ LEL SEdu(p)]

x [SEPFHgC+ 12+, £+ 1) 12— P15 6y (p)] |}

r$(t;x,2) = ; (35)

Nl

The bulk-motion-artifact correction (Section 3.2) is then applied to r§(z;x,z). Without the
noise power subtraction and the sign € in the Eq. (35), rg(r; X,z) is obtained. The bulk-motion-
induced net correlation is estimated using Eq. (28) as f§(x) = r$(7;x,argmaxrS(7;x,2)). The

Z

bulk-motion-corrected signal correlation with coherent composite is obtained as

r$(Tix,z) = 27 (36)

5. Imageformation
5.1. Cross sections

Cross-sectional cmOCA images are displayed in grayscale with the estimated correlation
coefficient Fs. Low correlation corresponds to high perfusion. Hence, a correlation coefficient
of Oisassigned to white regions, and avalue of 1 isassigned to black. The locations for which
Ts' < 1 are expressed as black.

5.2. En-face projection
The projection images of cmOCA are calculated asE (x) = YN o{1— M[Fs¢(1;%,2)]}, where

e —1
M| = {1, if X < 1 (37)
X, otherwise.

The dynamic range of the projection imageis set to the [1: 99] percentile of each image’s pixel
value.

5.3. Retinal angiography with degree of polarization uniformity

Using JM-OCT for angiography not only increases the detection channels, but also alows
the tissue discrimination ability to be used to enhance the angiographic imaging. Several
retinal OCASs use a segmentation algorithm to separate some retinal and/or choroidal layers,
thus enhancing each vasculature and/or increasing the power of diagnosis of eye diseases.
Using DOPU measurement [52], it is suggested that the RPE can be distinguished. Here, we
implement an advanced angiographic projection image construction using DOPU.
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First, we generalize the encoding method of 3D multi-contrast information into a 2D
projection. Thisis akind of color volume ray casting, where each contrast is considered as a
material that have reflection, absorption, and/or emission spectra of ray. Rays are introduced
from top of the 3D image, passing through the voxels, and back-reflected. According to
assigned properties of voxels, rays colors changed. The composite en-face projection image E
with multiple contrastsis calculated by averaging all reflected rays. Thisis defined as:

N
E(X) = X, 3% 20)ms(j)Az- [eZo2icitamaiiaz. o, (38)
n=0 j
where cj is the j-th contrast value. mj, is an infinitesimally small color trandation of rays, ms
is the reflection spectrum of rays, and L isinitial color of rays. Az is the axial distance per
unit data point. Analogous to Lambert—Beer’'s law, ¢, ms, and m, are a pseudo-concentration,
pseudo-spectrum of scattering cross section, and pseudo-spectrum of attenuation/emission
cross section assigned for each contrast, respectively. The combination of absorption and
emission can be considered as single translation in a color space. Note that 0 denotes the
matrix exponential operation.
In this paper, we utilize cnOCA and mDOPU [53] to create the color en-face image as.

N
E(x) = 3 {1—M[Fs(1;%,20)]} - T [W [eCPVn<X>mAZ : LOH , (39)
n=0

where cPV,(x) = 3 {1 —M[mDOPU(x,z;)]} is cumulative polarization variance from the
surface to the depth z,. This means that color of rays changed according to cPV, by e3PV maz,
rays are reflected at z, according to cmOCA Ts¢, color changed again by 3CPVamAz g
reflected rays from every depth z, are summarized. The projection image will discriminate
avessel by color whether it islocated in front of or back of pigmented tissues, such as RPE.

Because the Euclidean distance between two colors in L*a*b* color space is roughly
proportiona to perceptual color difference between them, m is defined as the infinitesimally
small color changein the ICC L*a*b* color space as

_1167 0 0 83067

| o 023 0 27044 )

m=1 o0 0 _0283 _1932| MMl (40)
0 0 0 0

To treat trandation in color space, m is defined as 4-dimensional matrix while L*a*b* color
space is 3 dimension. In this case, m is diagonalizable, m = Vdiag(A1, A2, A3, A4)V 1 and

ecPVn(x)mAz _ Vdiag(eCPV”(XMlAZ, ecPVn(x)lez’ ecPVn(x))LgAz, ecPVn(x)/L;AZ)V—l. (41)
Lo=[Ly,ag, b5, 1T istheinitial location in the color space when n=0, i.e., the assigned color at

the top of cross-sectional image z = zo. In this paper, (L§,ag,bg) = (84.17, -13.95, 82.72). The
transformation W [} iswrapping an input color location into the realizable L*a*b* space as:

WL vLin >0

WLy = Vo (i >0 @)
Lin (VLinSO)

wherev = [0,c0s6,sin6, —(a,co0s6 + b, sin@)] and

1 0 0 0
0 —cos(20) —sin(20) ag+a,c0S(20)+bysin(20)

W= . . 43
0 -—sin(20) cos(20) by —bhycos(26)+a,sin(20) (43)
0 0 0 1
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Fig. 3. Color change trgjectory in L*a*b* color space according to cumulative polarization
variance cPV.

Here, we set 6 = 0.165 rad, a, = 40.3, and b, = 40.9. The color change according to cPV, is
represented in L*a*b* color space as shown in Fig. 3.

The transformation T[] trandlate color in L*a*b* color space to RGB color space by (1)
converting the L*a*b* color space into the XY Z color space [54], (2) applying a chromatic
adaptation (using Bradford transform) from the D50 to D65 white points [55], and (3)
converting XY Z color space to the linear SRGB space [56]. The resulting E is scaled by fitting
the range [5, 99.9] percentile of the average RGB value, (R + G + B)/3, to within the range of
[0, 1]. Asthisisin the linear SRGB space, the gamma correction is applied to fit with the SRGB
standard [56]. We choose the SRGB color space because it is commonly used in Windows®
operating system.

Note that we refer the “isolum” color map [57] to design m, Lo, and W ].

6. Results

JM-OCT described in elsewhere [49] is used to scan human eyes. The sampling configuration
of IM-OCT is the same as previous, with 512 axial lines per frame acquired and the scan
repeated four times at the same location (F = 4). The set of frames is scanned at 256 locations
to construct a 3D volume set. The scanning speed is 100,000 lines/'s, and the time lag between
consecutive framesis6.4 ms. IM-OCT simultaneously measuresfour complex OCT signalsthat
correspond to four polarization channels (P = 4). For every cmOCA calculation, spatial kernel
sizes are fixed to be (L = 3, D = 3) aong the x and z directions, respectively. For scattering
OCT image, global-phase-corrected sensitivity enhanced imaging with 4 frames followed by
the coherently composition of 4 polarization-channel signals are applied [49].

All protocols for measurement were approved by the Institutional Review Board of the
University of Tsukuba. Written, informed consent was obtained prior to measurement.

6.1. Complex correlation with/without SNR correction

The SNR-independent vasculature images can be obtained using our signal correlation
estimator. Figure 4 shows a comparison of SNR-independent and -dependent cmOCAs. A

#259170 Received 9 Feb 2016; revised 24 Mar 2016; accepted 24 Mar 2016; published 29 Mar 2016
©2016 OSA 1 Apr 2016 | Vol. 7, No. 4 | DOI:10.1364/BOE.7.001525 | BIOMEDICAL OPTICS EXPRESS 1539



w
o

[ap] UNS

-5

(b)

uonejaloy =

o

Fig. 4. Cross sections of the human retina. () Coherence composite OCT intensity, (b)
SNR-dependent cmOCA, (¢) SNR-independent cmOCA. The scale bar indicates 200 um.

cross section of the retina of a volunteer's (male, 35 years old) right eye which had no
remarkable abnormalities was obtained [Fig. 4(a)], and two correlation images were cal cul ated.
The SNR-independent and -dependent cmOCA s are obtained by mapping the magnitude of the
signal correlation coefficient [Eq. (34)] and data correlation coefficient, which is estimated
similar to Eq. (34) using T ast¥, (x,z) = T (x,2) /fM(x). With the estimated data correlation
T(";"f, both the perfused tissue and low-SNR region exhibit a low correlation, as with other
correlation-based and phase-shift-based angiography methods [Fig. 4(b)]. With the signal
correlation TSMf, SNR-independent imaging is achieved [Fig. 4(c)]. Even the SNR of OCT
signal at some non-perfused tissue, such as nuclear layers and vitreous humor, is low, its
corresponding correlation coefficient exhibits close to 1. The presented cmOCA with SNR-
corrected correlation distinguishes perfused tissues from low-SNR regions without the use of
an arbitrary masking threshold.

6.2. Comparison between single-channel and multi-channel implementations

For comparison, the correlation mapping method for the single-channel case [Eq. (29)] was
applied to the complex summed OCT signal using the coherent composition [49]. The coherent
composite signa clearly has a higher SNR than that of each channel, because the four
polarization channels are coherently averaged. The correlation image is created with the
coherent composite signal (Section 4.2.1).

Although the coherent composite signa has a higher SNR, the single-channel
implementation exhibits significant spurious noise [Fig. 5(a)]. The images shows the left eye
of a age-related macular degeneration patient (male, 79 years old) with the scanning range
of 4.5 x 4.5 mm?. When the SNR is low, the correlation between measured data pc islow
and the correlation estimation exhibits high variance. In addition, the large bias correction for
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Fig. 5. Complex correlation mapping image of the human retina. cmOCA (b, d) with
multiple polarization channels, as described in Section 4.2, exhibits lower spurious noise
than (a, c) single-channel estimation with a coherent composite signal. The cross sections
(a, b) and en-face dlices (c, d) are taken from the locations indicated by the black arrows.
Both cmOCA s used the same kernel size.

estimating the signal correlation ps enhances its variance.

In contrast, the multi-channel method exhibits high contrast and low noise vessel imaging
owing to the averaging process [Fig. 5(b)]. The corresponding en-face dlice [Fig. 5(d)]
visualizes the fine abnormal vascular network better than the single-channel method [Fig. 5(¢)].
This shows that the second-step averaging is preferred for high-contrast vasculature imaging.

6.3. Motion artifact compensation

The performance of bulk-motion-artifact removal and bulk-phase-offset correction was
evaluated with in vivo human posterior eye imaging. The left eye of a healthy subject (male,
27 years old) was scanned (6 x 6 mm?). Figure 6 illustrates the effect of bulk-motion-artifact
removal (Section 3.2), and compares bulk-phase-offset correction using the new correlation-
based estimation method (Section 3.1.1) against that with the complex-mean estimation method
[46].

There is a thick blood vessel along the B-scan direction. With the previous average-based
bulk-phase-offset estimation, the tissue above the thick blood vessel also has alow correlation
coefficient [Fig. 6(a)]. Thisisbecause the erroneous average-based bulk-phase-offset estimation
resultsin an incorrect phase-offset correction, and the phase-offset fluctuation between B-scan
pairs reduces the correlation coefficient. Hence, applying the bulk-motion artifact removal with
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Fig. 6. cmOCA cross sections without (a, b) and with (c, d) bulk-motion artifact removal.
Bulk-phase-offset correction has been applied using the complex-mean method (a, ¢) and
correlation-based method (b, d). The corresponding en-face projection images are shown

in ()(h).
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Fig. 7. cmOCA images with low-phase-stability SS-OCT system. The images were
obtained using (a, d) the multichannel cmOCA algorithm (Section 4.2), (b, €) high phase-
noise-immunity mode [Eq. (44)], and (c, f) high phase-noise-immunity mode with bulk-
motion-artifact removal [Eq. (45)]. Cross sections (a, b, ¢) at the location indicated by the
black arrow and en-face projections (d, e, f) are shown.

the average-based phase-offset correction over-corrects the correlation coefficient [Fig. 6(c)].
This effect reduces the contrast of thick blood vessels, as shown in Fig. 6(g) (yellow arrows).

With the new correlation-based phase-offset estimation method, the solid tissue exhibits a
high correlation coefficient as expected [Fig. 6(b)]. The bulk-motion artifacts over the thick
vessels are reduced. On the other hand, a small vessel overlaid on the thick vessdl is retained
(blue arrows), and the contrast of thick blood vessels in the en-face image is maintained well
[Fig. 6(f), yellow arrows].

By applying bulk-motion artifact removal [Figs. 6(g) and (f)], artifacts appear as horizontal
lines because the frame-by-frame bulk-motion decorrelation changes are well suppressed
(green circles).

6.4. High-stability mode

In some cases, the phase of the swept-source OCT signal cannot be stabilized without ak-clock.
The algorithm of Section 4.2 results in significant artifacts. In this case, high phase-noise-
immunity mode (Section 3.1.2) can be applied. The details of the implementation is described
in Appendix A.

A subject (male, 33 yearsold, right eye) was scanned (6 x 6 mm?) using IM-OCT, which has
an unstable phase. As shown in Figs. 7(a) and 7(d), there are several artifacts that disturb the
vasculature image. Using the correlation calculation in Eq. (44), these artifacts are significantly
reduced, as shown in Figs. 7(b) and 7(e). Although the range of correlation has decreased to
[0.3, 1.0], the contrast in the en-face projection is significantly improved. After motion artifact
correction [Eq. (45)], horizontal line artifacts are suppressed (Fig. 7(f)). The high phase-noise-
immunity mode is an alternative high-contrast vasculature imaging method for unstable phase
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Fig. 8. cmOCAs at the human fovea, (a) cross-sectional cmOCA image with segmented
results, en-face projection images at (b) NFL + GCL, (c) IPL + INL, (d) OPL + ONL. The
scanning areais 3 x 3 mm?. The scale bar indicates 200 m.

systems.

6.5. Retinal capillary imaging

To show the performance of the retinal capillary imaging with the cmOCA method, the same
data set of Section 6.1 is used. The retinal layers are segmented to visualize the capillary
network of different retinal layers. The lowa Reference Algorithms (Retinal Image Analysis
Lab, lowa Ingtitute for Biomedical Imaging, lowa City, |A) [58-60] were applied to the
coherent composite OCT intensity volume. The segmentation results were overlaid on a
cross-sectional cmOCA image [Fig. 8(a)]. The en-face projection images of cmOCA volume
visualize the retinal capillary vasculature at the fovea. From the anterior part, the retinal nerve
fiber layer (NFL) + ganglion cell layer (GCL) [Fig. 8(b)], inner plexiform and nuclear layers
(IPL + INL) [Figs. 8(c)], outer plexiform and nuclear layers (OPL + ONL) [8(d)] are shown.

6.6. Eye disease case

A polypoidal choroidal vasculopathy (PCV) (female, 67 years old, left eye) is shown in Fig. 9.
The composite projection image [Fig. 9(b)] combines the correlation mapping and DOPU
data [53]. Details of the method are described in Section 5.3. This imaging method reveals
whether vessels are covered or uncovered by multiple-scattering tissues, i.e., melanin. The
orange-yellow color indicates that blood flow signals are unblocked (UB) by mDOPU sig-
nals (vasculature isin front of the pigmented tissues), whereas magenta-blue indicates that the
flow signals are blocked (B). The cross-sectional image of the combination of OCT intensity
(coherent composite + sensitivity-enhancement with global phase correction) and cmOCA
reveals the relationship between morphology and vasculature. The log-scaled OCT intensity
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Fig. 9. cmOCA images of polypoidal choroidal vasculopathy. En-face (a) OCT, (b)
composition of cmOCA and mDOPU projection images. The scanning areais 6 x 6 mm?2.
The corresponding areaisindicated by the yellow rectangle in fluorescein angiography (c).
The cross-sectional (d) OCT + cmOCA and (e) mDOPU images at the center of the scan
[yellow linein (b)] are shown. The scale bar indicates 500 pum.

and cmOCA are assigned as blue and orange, respectively [57].

An abnormal blood flow signal can be observed in the cross section [Fig. 9(d), white circle].
The DOPU image [53] reveals some RPE detachment and its discontinuity [Fig. 9(e), white
circle]. The corresponding signal appears in orange in the en-face composite projection image.
This shows that the blood flow signal is not blocked by pigmented tissue, i.e., the RPE. The
corresponding location exhibits hyperfluorescence in late-phase fluorescein angiography (FA)
[Fig. 9(c)]. The composite imaging may be a good non-invasive alternative to FA for detecting
the collocation of abnormal vessels with RPE disruption, such as choroidal heovascularization.
Note that no segmentation is applied to generate the composite image, and so no segmentation
errors are present.

7. Discussion

We have presented a method for estimating the SNR-corrected complex correlation coefficient
with low noise. To compare the statistical properties of estimators, a numerical simulation was
applied. A pair of random numbers X; and X;_ 1 in consecutive sets (i-th and i + 1-th sets) was
generated by using the method to generate correlated random numbers. Outcomes Z; and Y;
of independent complex Gaussian variables with zero mean and standard deviation oy were
generated. Then, Yi,1 was generated with the true correlation coefficient p as Yi.1 = pYi +
v/1—p?Z;.Y; and Y1 will be correlated with the correlation coefficient p. Another outcome
N; of independent complex Gaussian variable with zero mean and standard deviation oy was
generated and added to provide X; = Y; + N;. By changing theratio oy /on, arbitrary true SNR
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Fig. 10. The numerica simulation results of correlation coefficient estimates. (a, b, ) Mean
and (d, e, f) standard deviation of each correlation estimator, i.e., datacorrelation (<), signal
correlation with previous method using coherent composite (4), and the new method ()
are plotted with several SNR. The set correlation coefficients are (a, d) 0.99, (b, €) 0.9, and
(c, ) 0.8.

can be simulated. These generated signals X were processed with correlation estimators. For
each trial, 4 sets of complex random Gaussian variable which have 9 sampling points were
generated. The random number generation iterated four times to simulate 4 channels of JM-
OCT. The data size for correlation estimate was 3 pairs from 4 sets of 9 data points times 4
channels, which is similar to the experiments. The mean and the standard deviation of estimates
are obtained with 10,000 trials. The true correlation coefficient p was set to be 0.99, 0.9, and
0.8. The SNR 10l0g,, 6/ 03 was set from 0to 20 dB in 1 dB step.

Figure 10 shows the comparison of correlation estimates. The previous method with coherent
composite and the new estimators give lower bias estimates than the normal data correlation
estimate for every true correlation coefficient [Fig. 10(a), (b), and (c)]. At low SNR, the
estimate with coherent composite exhibits lower bias than that of the new estimator. This is
reasonable because the coherent composite decreases the noise. However, the standard devi-
ation at high SNR is larger than that of the new estimator. This is because of the absence
of the second averaging <>W2. The advantage of the new estimator becomes greater as signal
correlation decreases. It means that the imaging noise of blood vessels (where signal correlation
is decreased) is lower in the case of the new estimator. Hence, the new estimation scheme
is probably a good compromise in the sense of both bias and noise. This fact suggests that
although SNR will be decreased, applying second averaging (),,, by splitting the OCT signal,
such as spectrally splitting method [23], may provide better vascul ature imaging with standard
single channel OCT system at the same averaging kernel size.

In our method, we introduced the sign function & [Eq. (17)] in the denominator of the noise-
corrected correlation estimate [Eq. (16)]. Although the absolute operation is applied inside the
square root to avoid non-real-valued results in Eg. (16), the proposed estimator retains the sign
€ after the noise correction. This modification from the previous method [29, 40] reduces the
spurious appearance in the no signal region after second-step averaging <>W2.

In the SNR range used in the abovementioned simulation, the sign € in Eq. (16) does not
affect to the estimator’s performance. The difference of the existence of € becomes apparent
at low SNR. The distributions of estimates with 0 SNR (-~ dB) are shown in Fig. 11. The
estimation is regarded as invalid if the estimated correlation is smaller than O or larger than 1.
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Fig. 11. Comparison of statistical properties at no signal region. Histograms of correlation
estimates (a) without the sign &, (b) without the sign € and thresholding at O instead of
absolute operation, and (c) with the sign € Eq. (16) are shown. The numerical ssimulation
of correlation estimates was applied at SNR=0.

Because of the sign €, the correlation estimates at 0 SNR spread and are less likely to be fall
in the range of valid correlation coefficient estimate [0, 1]. With the sign €, that probability of
correlation estimate in the range [0, 1] occurs roughly 2.7 % [Fig. 11(c)], while thisis 32.0 %
in the case without € [Fig. 11(a)] and 23.9 % in the case with thresholding [Fig. 11(b)]. Without
the second averaging (}WZ, the thresholding method and the method using the sign € provide
the same probability. However, the second averaging generates a bias in the denominator of
correlation coefficient estimate. Thisresultsin the large discrepancy after the second averaging.

8. Conclusion

Non-invasive vasculature imaging has been applied using complex-correlation-mapping
OCA. Using low-bias and low-noise complex correlation estimation and motion artifact
corrections, we have obtained better discrimination of perfusing tissue. The combination of
perfusion contrast and polarization contrast demonstrates the potential of clinical utility in
ophthalmol ogy.

Appendix A. High-stability mode implementation

To implement the phase-noise-immune estimate (Section 3.1.2), no lateral and frame averaging
is used to estimate the covariance matrix [EQ. (24)] because both depend on time in the system
with scanning beam. Instead, polarization channel and axia averaging are used.

The correlation coefficient in the absence of phase noise is then obtained by substituting the
averaging operators and noise power as shown in Table 4 into Eq. (18) as

LF-1

2'If
st etz O {|[§ 555 o0+ 1z 4+d, 1) 2 - Sh ()]
x |AZp5lg0x+1.2+d, f+1,p)2— T5Gu(p )H}

The bulk-motion-artifact correction (Section 3.2) is then applied to T%(;x,z). For
this correction, the phase-noise-immune data-correlation-coefficient T%(7;x,2) is estimated
using Eqg. (44) without noise subtraction and e. The net bulk-motion-induced phase-
noise-immune data-correlation is estimated using Eq. (28) with T%(1;x,2) as f5(7;X) =
3(7;x,argmaxrz(7;X,z)). The bulk-motion-corrected phase-noise-immune signal correlation

z

‘DEE’.BQ(X+I7Z+O|7f,p)g*(x+|7z+d7f+1’ p)‘
, (44)

2(1;x,2) =

Nl

coefficient isfinally estimated as

T3(7:%,2)

FZ(7;x)

Tsf(r X,2) = (45)
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Table 4. Assignment of averaging and variables of phase-noise-immune mode.

High-stability mode
(Section Appendix A)
Covariance 1 DP
matrix (wy P (z+d;p)
estimate d,p
Correlation 1 FAt
dtimte (Dw, (G ; (f, f+Lx+1)
1 P
Noisepower  Gn E%QN(F’)
Appendix B. List of notations
Symbols  Descriptions
G complex random variable represents OCT data
S complex random variable represents OCT signal
N complex random variabl e represents additive noise
g realization of OCT measurement
pIe population covariance matrix of OCT data
Se sample covariance matrix of OCT data
SGpq entries of Sg
an estimate of variance of noise N

PG population correlation coefficient of OCT data
Ps population correlation coefficient of OCT signals
PSNR population de-correlation factor of OCT signals due to additive noise pg /ps

re sample correlation coefficient of OCT data
rs sample correlation coefficient of OCT signal
Te estimate of data correlation coefficient

Ts estimate of signal correlation coefficient

SNR  signal-to-noiseratio of OCT system E[[S|?] /E[|N/?]
Adm estimate of bulk-phase-offset

m decorrelation factor due to bulk motion

fm estimate of decorrelation factor rpy,

' net decorrelation due to flow

Tst estimate of signal correlation coefficient after bulk-motion artifact removal
p index of polarization channel (1,2,---,P)
f index of frame (1,2,--- ,F)

averaging window size along axial direction
averaging window size along lateral direction

— O
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