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Abstract. Measurement and imaging of depolarization by polarization-sensitive optical coherence tomography
(PS-OCT) requires averaging of Stokes vector elements within two- or three-dimensional (3-D) evaluation win-
dows to obtain the degree of polarization uniformity (DOPU). By use of a PS-OCT system with an integrated
retinal tracker, we analyze optimum conditions for depolarization imaging, data processing, and segmentation of
depolarizing tissue in the human retina. The trade-offs between figures of merit like DOPU imaging sensitivity,
efficiency, and susceptibility are evaluated in terms of 3-D resolution. The results are used for a new, detailed
interpretation of PS-OCT high-resolution images of the human retinal pigment epithelium and Bruch’s mem-
brane. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work
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1 Introduction
Polarization-sensitive optical coherence tomography (PS-OCT)
is a functional extension of OCT that has attracted considerable
interest both from a research and an applications perspective.1–11

Ophthalmic applications are among the most successful
fields of OCT,12 and the tissue-specific contrast and quantitative
information provided by PS-OCT led to several studies in
healthy and diseased eyes.13–21 Biological tissues and structures
of interest in ophthalmic applications are, e.g., the birefringent
retinal nerve fiber layer (RNFL) and nerve fiber bundles for
glaucoma diagnosis,13,22–24 and the depolarizing retinal pigment
epithelium (RPE), which plays a decisive role in macular dis-
eases, including age-related macular degeneration.

To quantify depolarization, we introduced a new parameter,
the degree of polarization uniformity (DOPU), that is formally
equivalent to the well-known degree of polarization (DOP),
which cannot directly be measured by a coherent imaging tech-
nique like OCT. DOPU can be regarded as an averaged DOP and
was used to segment depolarizing tissue like RPE16 and hard
exudates,25 as well as various lesions in macular disorders.25–30

According to our first introduction of the parameter, DOPU
is calculated from a two-dimensional (2-D) PS-OCT B-scan
frame via the Stokes vectors obtained at each pixel from ampli-
tudes and the relative phase detected by the two orthogonal
polarizations, and using a 2-D sliding average window (DOPU
evaluation window for averaging the Stokes vectors) in ðx; zÞ,
where the xz-plane is parallel to the B-scan frame, and x and z
denote scanning and depth directions, respectively.16 A typical
window size is configured to be, for example, 8ðxÞ × 10ðzÞ pix-
els in order to contain a sufficient number of (e.g., 80) Stokes

vectors to provide statistically relevant results for DOPU. The
rather large window size degrades the spatial resolution of
DOPU images.

Improvements of the spatial resolution of DOPU and seg-
mented depolarizing tissue in B-scan images were achieved
by introducing the concept of temporal DOPU.31 Temporal
DOPU is realized by collecting multiple-frame data, e.g., 60
B-scan frames successively at the same position, so that a
smaller evaluation window size in space ðx; zÞ, even the mini-
mum 1ðxÞ × 1ðzÞ pixel, can still provide a sufficient number of
Stokes vectors to be averaged.

A possible ambiguity in the realization of temporal DOPU
has been discussed in Ref. 31: the true three-dimensional (3-D)
size of the window used for calculating DOPU in the case
of in vivo retinal imaging is not exactly known. Although the
frames were registered in postprocessing to ensure pixel-to-
pixel correspondence in ðx; zÞ, the real location of the pixel
in the y direction, perpendicular to the B-scan frame, was
unknown due to the eye motion, and the use of a retinal
tracker32–38 was suggested. An important factor to understand
and analyze the results in terms of speckles called for more accu-
rate estimation of the 3-D window size in comparison to the size
of speckles and the numbers of independent speckles included in
the averaging window volume. In the case of OCT intensity
images, speckle noise reduction by multiple-frame averaging
has been studied in relation to the locations of successive
B-scans along the axis perpendicular to the B-scans,39,40 but
no retinal tracker was employed.

It is the purpose of this study to analyze optimum conditions
and parameters for DOPU imaging and segmentation of depo-
larizing tissue in the human retina. By use of a PS-OCT system
with an integrated retinal tracker,38 B-scan locations are stabi-
lized to minimize the ambiguity of eye motion effects. This
enables identification of optimum imaging and processing
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conditions, as well as their relation to speckles. Sensitivity, effi-
ciency, and susceptibility of DOPU imaging and depolarizing
material segmentation are analyzed for a model eye and in
the case of a healthy human retina. Furthermore, contrast-to-
noise ratio (CNR) in the intensity images is also evaluated
and analyzed. Based on the optimized parameters, we reveal
new fine mapping of the RPE and Bruch’s membrane (BM)
in the living human retina.

2 Methods

2.1 Experimental Setup, Data Acquisition, and
Postprocessing

The details of the setup of spectral domain PS-OCT (SD-PS-
OCT) with an integrated retinal tracker have been published
previously.38 In this section, with a brief summary of the
setup, we describe the data-acquisition protocols and conditions
as well as the subsequent postprocessing used and performed for
this study.

The setup consists of two main parts, an SD-PS-OCT with
two detection channels for orthogonal polarization states
(70 kA-scan∕s), and a line-scanning laser ophthalmoscope
(LSLO) for detection of the retinal position (70 frames∕s)
and corresponding eye tracking. In-plane retinal position dis-
placement is obtained from the LSLO images [field of view
(FOV): 8 × 6 mm2; 800 × 600 pixel2], and correction signals
for cancelling the motion artifacts are sent to the OCT imaging
scanner (not synchronized with the OCT acquisition) so that the
same B-scan position on the retina can be kept during the
acquisition.

Although the correction is conducted for displacements in
both of the xy-directions, residual motion artifacts remain
due to (1) motions in the depth (z) direction, (2) torsional
eye motions (rotation in xy-plane), and (3) imperfect corrections
for the xy-displacement. Postprocessing registration among B-
scan images performed in this study can remove reasonable
parts of (1) and the x-displacement of (3).

A B-scan is obtained by recording 1024 A-scans along the x
direction (FOV: 8 mm, pixel size: 7.8 μm; 56 B-scan frames/s,
data acquisition performed during only one way of the asymmet-
ric round trip scanner motions, not synchronized with the
LSLO). Figure 1 shows the schematic view of the scanning

protocols with and without intentional shifting in the y direction.
Multiple B-scan frames were repeatedly acquired near the foveal
center. When no intentional shifting was applied [Fig. 1(a)],
recording of B-scans were simply repeated at the same location
as in a single line. In the case of a small intentional shifting in
the y direction [in-plane direction orthogonal to the scanning
direction (x)], the locations of the recorded B-scans were distrib-
uted over parallel lines [Fig. 1(b)]. The amount of shifting, dY,
was set to 0, 17, or 34 μm [corresponding to the range covered
by one series of B-scans (N ¼ 83 or 50, for human retina or
model eye, respectively)]. The lateral optical resolution of the
system (theoretical size of the focused optical beam spot on
the retina; 1∕e2-intensity full-width) was 17 μm. So, in other
words, the used parameters of the shift dY were 0, 1, and 2 opti-
cal spot sizes. The wavelength of the OCT was 860� 30 nm

(FWHM), which corresponds to a depth resolution of 4.0 μm
assuming a Gaussian spectrum (in tissue; refractive index
n ¼ 1.38). The pixel size in the depth (z) direction was 1.4 μm
(in tissue).

Figure 2 illustrates the overall data processing steps. After
the data acquisition of a series of B-scans, reconstruction of
the SD-OCT intensity images was conducted; then a reference
frame was selected manually by a visual check of the distortion
and the depth in the B-scan; a frame exhibiting a retinal image
with a small distortion and in an appropriate depth range is
selected. In the next step, cross-correlation between each B-
scan frame and the reference frame was evaluated. The peak
value of each cross-correlation was used to select the best 50
frames out of 83: the frames with the 50 highest peak values
of cross-correlation and other frames were excluded in further
processing steps. Then, registration of each of the best 50 frames
to the reference frame was performed based on the cross-corre-
lation information.

For the single frame processing results in the study, reference
frame data were used. In addition to the intensity image, a
DOPU image was generated, using an 8 × 10 ðx; zÞ pixel evalu-
ation window (≈63 μm × 14 μm) for a sliding average of the
Stokes vectors over the B-scan. The details of the method
and equations for the Stokes vector and the DOPU calculations
are explained elsewhere.16 The conditions for intensity thresh-
olding to avoid the inclusion of erroneous pixels in the DOPU
evaluation window (i.e., Stokes vector averaging window) for

dY

x

y

(a) (b) 

Fig. 1 Schematic of multiple B-scan acquisition protocols used in this study. Red lines indicate optical
coherence tomography (OCT) B-scans. (a) B-M-mode scan: only x -scanner is actuated to scan the same
location repeatedly. (b) B-M-mode scan with intentional shift dY: y -scanner is also actuated to apply small
shift in y -direction. dY corresponds to the y -directional range of B-scans in a set of acquisition. dY in the
figure is not to scale; it ranged from 0 to 34 μm for in vivo measurements. The en face fundus image is
taken by line-scanning laser ophthalmoscope used for retinal tracking in this study.
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this study were (1) intensity value of 7 dB above the mean noise
level is used for the threshold to exclude erroneous pixels and
(2) the number of pixels having intensities above the threshold
within a DOPU evaluation window should be >12.5%; other-
wise, the DOPU evaluation was regarded as void [the corre-
sponding pixel (i.e., the center pixel of the DOPU evaluation
window) is treated as background and shown in gray color in
DOPU images]. For multiple-frame processing, the best 50
intensity images were averaged (in linear scale), and DOPU
images were generated by using evaluation windows extending
over either 1 × 1 or 2 × 3 pixels in the ðx; zÞ directions and over
the 50 frames (i.e., including temporal extent and spatial extent
in y direction by the intentional shift dY). For example, in the
2 × 3 pixels case, the Stokes vector averaging includes 2 × 3 ×
50 ¼ 300 vectors to assess the DOPU value.

After obtaining DOPU images, depolarizing material seg-
mentation was done by thresholding. Areas of DOPU <0.75
were considered as depolarizing.16,27 For the resulting DOPU
and segmented images, qualitative comparison and quantitative
analysis based on the numbers of segmented pixels were con-
ducted. The number of segmented pixels in a given image is a
figure of merit in this study; when it is small, the sensitivity or
detection capability of the depolarizing material is low, and
vice versa.

A counter figure of merit against the sensitivity, chosen in
this study, is spatial resolution. The DOPU window size (3-D
volume) and its inverse are employed to represent this figure,
because averaging within larger windows causes more blur in
the image, implying a lower spatial resolution. For normaliza-
tion, we introduce a unit for 3-D volume, optical resolution vol-
ume (ORV), which is defined by the product of optical
resolution sizes of the OCT system in each x, y, and z direction,
i.e, a spot size 17 μm (≈2.2 pixels) in x, 17 μm in y, and an
optical depth resolution of 4 μm (≈2.9 pixels) in z, which totals
1156 μm3, corresponding to 1 ORV in this case. Since the typ-
ical speckle size in 3-D equals ∼1 ORV,41 analysis using the unit
of ORV is expected to make it easier to understand the results
and the mechanisms in relation to speckles.

The number of segmented pixels (segmentation sensitivity)
was plotted and analyzed against the DOPU window size in
units of ORV (spatial resolution). The 3-D window volume is
defined as the volume spanned by the centers of the involved
voxels plus a positive offset of one optical resolution for

each dimension (i.e., ≈f½ðl − 1Þ∕2.2þ 1� × ½ðm − 1Þ∕2.9þ 1�×
ðnþ 1Þg ORV for l ×mðx; zÞ pixel window and shift dY of n
times spot size). The centers of the voxels correspond to the cen-
ters of the light beams, and optical broadening of each beam,
which corresponds to the offset, should be convolved; this
broadening includes the possible light paths that contribute to
the depolarization evaluated by DOPU. Under an exemplary
condition: 1 × 1 ðx; zÞwindow and no shift dY, the effective vol-
ume of the window is not zero but is broadened and ranges over
one optical resolution (equivalent to the offset). Consequently,
the plots in Fig. 7 start at 1 ORV on the horizontal axis.

For the single-frame as well as the multiple-frame-averaged
intensity images, CNRs (Refs. 40 and 42) were calculated in
log10 scale for further analysis. Similar to the segmentation sen-
sitivity analysis described above, CNR is plotted against the
averaging window size; in order to keep the same windows
and ORV size as in the DOPU analysis, 2 × 3 ðx; zÞ window
averaging was further applied to each of the single-frame and
multiple-frame averaged images before calculating CNR.

2.2 In Vivo Retinal Imaging

Three eyes of healthy volunteers were imaged. The study was
approved by the university’s ethics committee and conformed to
the Declaration of Helsinki for research in human subjects. The
power to the eye is 0.4 mW from the LSLO and 0.7 mW from
the PS-OCT. This is below the safety limit for combined
exposures designated by the International Electrotechnical
Commission.43

The PS-OCT system used in this study is equipped with an
internal fixation target display device utilizing an organic light-
emitting diode micro display, and a static white, blinking cross
pattern is projected on the retina during the acquisition (corre-
sponding to the fixation target condition “FT1” in Ref. 38). The
real spatial extent that the DOPU evaluation window involves
for multiple frames is dependent not only on the ðx; zÞ window
size and intentional shift dY, but also on residual retinal motion
after applying eye tracking for in vivo measurement. If the
residual motion is large, then the effective window size is wid-
ened. In the current study under the static fixation target con-
dition, the residual motion of the healthy eyes corresponded
to ∼0.7 to 1.5 pixels in the x direction and is estimated to be
similar in the y direction.38

Registration error for multiple frames causes another widen-
ing of the effective DOPU window. The cross-correlation was
calculated by one pixel pitch in ðx; zÞ; therefore, the postpro-
cessing registration resulted in residual errors of about one
pixel size for the x and z directions when the residual motion
after tracking is larger than 1 pixel.

2.3 Model Eye Imaging

A glass lens model eye, the imaged surface of which is covered
with a thick monolithic semitransparent light scattering layer
(∼1 mm thick) consisting of epoxy based photo-curing resin
and titanium dioxide particles (0.2 micron size, 0.15 wt%),
mediated by a metallic thin film (chrome) at some locations
to form an in-plane mask pattern (e.g., bars), was prepared.
The optics is equipped with lenses to model the anterior segment
and a sphere-shaped lens to model a vitreous body, and has a
focal length of 23 mm.

The measurement protocol is exactly the same as that used
for the in vivo retina, while the shift dY was adjusted so that 50

Fig. 2 Data processing steps and output images.
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consecutive B-scans, instead of 83 in the case of the in vivo
retina, cover the ranges of, e.g., 0, 17, or 34 μm in the y direc-
tion. This is because there is no practical eye motion and no need
to exclude any acquired B-scan frames in this case; all 50 frames
were used for the averaging and DOPU processing without dis-
carding any frames (unlike the reduction from 83 to 50 in the
case of the in vivo retina). Intentional shifting dY is set to be 0, 2,
4, 8, 17, 34, 51, and 68 μm, which corresponds to 0, 1∕8, 1∕4,
1∕2, 1, 2, 3, and 4 optical spot sizes.

3 Results

3.1 In Vivo Healthy Retina

Figure 3 shows images obtained from healthy eye 1. The single-
frame DOPU image [Fig. 3(g)] exhibits a well-distinguishable
contrast between the region at the location of the RPE layer (low
DOPU) and the regions of other layers (high DOPU). The
DOPU images from multiple frames [Figs. 3(a)–3(f)] demon-
strate higher spatial resolution owing to the narrower evaluation
windows than that in the single-frame case.31 While the struc-
tures appear finer, Fig. 3(f) has features similar to Fig. 3(g); a
thick band of green color (DOPU ∼0.4 to 0.75) resides around
the RPE cell layer, and blue-colored patches (e.g., DOPU ∼ 0 to
0.4) appear at the center of the band. The similarity decreases
when the shift dY becomes smaller [from Fig. 3(f) to Fig. 3(d),
from Fig. 3(c) to Fig. 3(a)] and the ðx; zÞ spatial window
becomes smaller [from Fig. 3(f) to Fig. 3(c), etc.] The largest
difference is observed between Figs. 3(f) and 3(a). The most
noticeable difference is a decrease of the blue-colored patches
and the appearance of yellow-red colored (e.g., DOPU ∼ 0.75

to 1) patches instead. When the corresponding images of depo-
larizing material segmentation are checked, these changes are
illustrated more clearly. While Fig. 3(m) keeps the thick seg-
mented RPE band as seen in Fig. 3(n), it is shown in Fig. 3(h)
that the depolarizing tissues are fragmented, especially around
the center of the band. It is also observable in Fig. 3(h) that there
are more fragmentations and less depolarizing material seg-
mented at the edges of the thick band (i.e., around the interfaces
from RPE cell layer to photoreceptor layer and to choroid) than
in Fig. 3(m).

By further looking at transitions from Figs. 3(a) to 3(f), and
from Figs. 3(h) to 3(m), the changes and differences between
the neighboring conditions are relatively large up to Figs. 3
(d) and 3(k), while rather small changes are observed between
Figs. 3(e) and 3(f), and Figs. 3(l) and 3(m). In other words, the
saturation point is around Figs. 3(e) and 3(l). It can be said that
those images, beyond the saturation point, are less susceptible to
the fluctuation of the imaging and processing conditions. The
similarity to the single-frame processed image, Figs. 3(g) and
3(n), is also high for those images with low susceptibility.

Figure 4 shows the results of healthy eyes 2 and 3. It is
observed that the overall features and characteristics are similar
to those found in the results of healthy eye 1.

3.2 Model Eye

Imaging results in the model eye are shown in Figs. 5 and 6 for
the DOPU and depolarizing material segmentation images,
respectively. A transition with a large change of DOPU and seg-
mented pixels is observed from dY ¼ 0 to 3 spot sizes for the
1 × 1 window case [Figs. 5(a)–5(f) and Figs. 6(a)–6(f)], and

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

(m)

(n)

1(x) × 1(z); 50 frames 2(x) × 3(z); 50 frames 10(x) × 8(z); single frame 

dY =   0 µm

dY = 17 µm

dY = 34 µm

dY =   0 µm

dY = 17 µm

dY = 34 µm

(o)

0 10.5 0.750.25

Fig. 3 Images in healthy eye 1. (a) to (g): Degree of polarization uniformity (DOPU). (h) to (o)
Depolarizing material segmentation overlaid on intensity image. Red pixels show segmented depolariz-
ing material. DOPU evaluation window in ðx; zÞ: 1 × 1 pixel for (a) to (c) and (h) to (j), 2 × 3 pixels for (d) to
(f) and (k) to (m) with 50 frames processed; 10 × 8 pixels for (g), (n), and (o) with single frame processed.
Intentional shift dY: 0 μm for (a), (d), (g), (h), (k), and (n); 17 μm for (b), (e), (i), and (l); 34 μm for (c), (f), (j),
and (m). Color scale for DOPU: 0 to 1. Gray pixels indicate background pixels excluded by intensity
thresholding. Light blue rectangle in (o) indicates enlarged area of (a) to (n). Yellow rectangle in (h) indi-
cates enlarged area of interest in Fig. 13.
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(a)

(b)

(c)

(e)

(f)

(g)

(d) (h)

(i)

(j)

(k)

(m)

(n)

(o)

(l) (p)

0 10.5 0.750.25

Fig. 4 Images in healthy eye 2 and healthy eye 3. (a) to (d) and (i) to (l) DOPU. (e) to (h) and (m) to
(p) Depolarizing material segmentation overlaid on intensity image; red pixels show segmented depola-
rizing material. DOPU evaluation window in ðx; zÞ: 1 × 1 pixel for (a), (e), (i), and (m), 2 × 3 pixels for (b),
(c), (f), (g), (j), (k), (n), and (o) with 50 frames processed; 10 × 8 pixels for (d), (h), (l), and (p) with single
frame processed. Intentional shift dY: 0 μm for (a), (b), (e), (f), (i), (j), (m), and (n); 17 μm for (c), (g), (k),
and (o). Color scale for DOPU: 0 to 1. Yellow rectangle in (p) indicates enlarged area of interest in Fig. 15.

1(x) × 1(z); 50 frames 2(x) × 3(z); 50 frames 10(x) × 8(z); single frame 

dY =   0 µm

dY =   4 µm
(1/4 spot size)

dY =   8 µm
(1/2 spot size)

dY = 17 µm
(1 spot size)

dY = 34 µm
(2 spot sizes)

dY = 51 µm
(3 spot sizes)

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

(m)

(n)

0 10.5 0.750.25

(o)

(p) (q)

Fig. 5 DOPU images in model eye. DOPU evaluation window in ðx; zÞ: 1 × 1 pixel for (a) to (f),
2 × 3 pixels for (g) to (l) with 50 frames processed; 10 × 8 pixels for (m) with single frame processed.
Intentional shift dY: 0, 4, 8, 17, 34, and 51 μm for (a) and (g), (b) and (h), (c) and (i), (d) and (j), (e)
and (k), (f) and (l), respectively. (n) to (q) Enlarged center part from (g) and corresponding quantities.
(n) DOPU. (o) OCT intensity (linear scale). (p) and (q) DOPU-intensity maps of the pixels within the two
regions indicated by solid (1) and dashed (2) yellow rectangles, respectively, drawn in (n) and (o).
Intensity in (p) and (q) is on linear scale and normalized by the threshold value used for the DOPU evalu-
ation (7 dB above the mean noise level). Color scale: 0 to 1.
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another noticeable change from 0 up to 1 spot size is found in
the 2 × 3 window case [Figs. 5(g)–5(l) and Figs. 6(g)–6(l)]. The
transition exhibits DOPU values changing from high to low and
an increase of segmented pixels, when the 3-D window becomes
larger. They nearly reached the values obtained in single-frame
processed images with the 8 × 10 window [Figs. 5(m) and
6(m)].

This result can be explained by the origin of the DOPU
parameter: it is the uniformity among the measured pixels (vox-
els) and is naturally high (i.e., they are uniform) if the measure-
ment is a simple repetition of the exact similar location and
condition. This is the case if the 3-D window is very narrow
[e.g., a small dY and 1 × 1 ðx; zÞ window].

On the other hand, it can also be seen that even in the nar-
rowest window case, the DOPU values in Fig. 5(a) are not
always exactly equal to 1 (pixels colored in white). This non-
uniformity is mainly caused by fluctuations caused by nonde-
terministic noise, such as thermal noise and shot noise.

The increase of DOPU values observed near the deepest
position [clearly visible in Figs. 5(d)–5(i)] can be explained
by considering the single and multiple light scattering contribu-
tions: pixels dominated by single and multiple scatterings have
high and low DOPUs, respectively.44 It is reasonable, in this
model eye, which has rather uniform scatterer distributions,
that pixels dominated by multiple scattering have weaker signals
than the pixels dominated by single scattering due to the attenu-
ation in the scattering processes, when a comparison is made in
the same depth of the image. Consequently, near the edge region
on the deep side, the intensity thresholding used for DOPU
evaluation16 suppresses the pixels with low DOPU (and,
hence, low intensity) more strongly [see Figs. 5(n)–5(q)],
leading to an apparently higher DOPU.

When a similar viewpoint on the saturation as explained for
the in vivo healthy eye results is taken for observations of Figs. 5
and 6, this saturation point is at around Figs. 5(j) and 6(j). The
high similarity to the single-frame result for low susceptible
regions [i.e., Figs. 5(j)–5(l) and Figs. 6(j)–6(l)] can also be
observed.

3.3 Quantitative Analyses

Figure 7 shows the results for the DOPU segmentation analysis.
The number of segmented depolarizing material pixels is plotted
as a function of volume of the DOPU evaluation window in
Fig. 7(a). The data points acquired and processed by the
same window size and intentional shift conditions are located
differently in the horizontal axis. This reflects the variations
of residual motions and registration errors among the model
eye and the three in vivo eyes. The vertical axis is normalized
by the number from the single-frame result [by 8 × 10 ðx; zÞ
window], so that the similarities of the multiple-frame averaged
results to the single frame can be observed, which increases
from 0 to 1 when the window volume increases. The overall
distribution of the data points, including both the model eye
and in vivo eyes, is relatively well congregated (fitted by a sev-
enth-order polynomial with R2 ¼ 0.975, for the whole window
volume range from 1 to 17.5 ORV) and appears as on a satu-
ration curve.

In Fig. 7(b), two kinds of characteristics are plotted: (1) effi-
ciency, defined by the segmentation sensitivity (i.e., normalized
number of segmented pixels) divided by the window volume
(i.e., spatial resolution loss as the cost), and (2) susceptibility,
defined by the gradient of the fitted sensitivity curve in
Fig. 7. The efficiency is expected to suggest an optimum con-
dition that balances the segmentation sensitivity and spatial

1(x) × 1(z); 50 frames 2(x) × 3(z); 50 frames 10(x) × 8(z); single frame 

dY =   0 m

dY =   4 m
(1/4 spot size) 

dY =   8 m
(1/2 spot size) 

dY = 17 m
(1 spot size) 

dY = 34 m
(2 spot sizes) 
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Fig. 6 Depolarizing material segmentation overlaid on intensity images in model eye. DOPU evaluation
window in ðx; zÞ: 1 × 1 pixel for (a) to (f), 2 × 3 pixels for (g) to (l) with 50 frames processed; 10 × 8 pixels
for (m) with single frame processed. Intentional shift dY: 0, 4, 8, 17, 34, and 51 μm for (a) and (g), (b) and
(h), (c) and (i), (d) and (j), (e) and (k), (f) and (l), respectively.
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resolution, and it has a peak around the window volume of 2 to 4
ORV. The susceptibility indicates how much fluctuation is
caused by the window volume change, for example, if the win-
dow volume fluctuates by 1 ORVat around 5 ORV (e.g., chang-
ing from 4.5 to 5.5 ORV), it will affect the segmentation result
by ∼5% of the number of segmented pixels.

Figure 8 shows the result for intensity images evaluated by
CNR. The images and regions of interest (ROIs) used in the
assessment of CNR are shown in Figs. 9 and 10. The ROIs
are located so that they do not contain obvious features; if
the speckles are neglected, they are intended to exhibit rather
monotonic gray values. For the in vivo retina, the ROIs are
from NFL and the inner plexiform layer. Although they are
not adjacent to each other to express direct contrast, the
ROIs in them are appropriate for CNR evaluation because of
their OCT intensity and reasonable homogeneity. In the
model eye, since there is no distinct structure of layers, ROIs
are selected in different depths. The average intensities for
the ROIs differ because of two factors: attenuation by light

scattering and reflection by the preceding segment, and sensi-
tivity drop-off by limited resolution of the spectrometers for
SD-OCT (Refs. 45 and 46) (the zero-delay position is at the
top of the B-scan images).

The plot in Fig. 8 shows that CNR rises when the averaging
window volume increases. On the other hand, the rise is not as
steep as in the case of DOPU segmentation analysis in Fig. 7 and
shows no distinct saturation. Curve fitting for each eye and all
eyes was performed by the equation CNRnormalized ¼ Vp, where
V is the averaging window volume and p is the fitting param-
eter, and the result is summarized in Table 1. The power p
ranges from 0.47 to 0.63, and the average is 0.54.

With regard to the quality of the image, in our opinion by
visual check, the most preferable among Figs. 9(a)–9(i) is
Fig. 9(e), and the optimum condition for a general purpose
would be realized using 50 frame averaging with a 1 × 1
ðx; zÞ window and a shift dY of 1 spot size. It should be
noted, however, that the optimum depends, e.g., on the fixation
capability of the subject.

Fig. 7 Sensitivity, efficiency, and susceptibility of depolarizing material segmentation by DOPU.
(a) Sensitivity. (b) Efficiency defined as sensitivity∕V , and susceptibility defined as gradient of sensitivity.
Volume of DOPU evaluation window V includes an offset of 1 optical resolution volume optical spot
broadening, and residual motions for in vivo eyes. All points of the single frame (8 × 10 window) coincide
at the same position (no broadening by residual motion exists for single frame cases).
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4 Discussion
We have obtained DOPU and depolarizing material segmenta-
tion images using various 3-D evaluation windows and well-
defined intentional shifting of the B-scan position in the y direc-
tion while the overall scan position was stabilized by a retinal
tracker.

An interesting question which should be addressed first is
whether the averaged pixels in the 3-D evaluation window
over multiple frames, acquired sequentially in time, contribute
to the results by real temporal changes of the samples, or by their
spatial distribution (i.e., changes in y direction governed by the
intentional shift dYand the residual motion caused by imperfect
tracking). A clue is in the results presented in Fig. 7(a), where
the results of the model eye and human eyes appear to share the
same curve in a good approximation. Since the model eye used
in this study is solid, there is basically no temporal change due
to, e.g., liquid and particle motions. If the human retina has sig-
nificant temporal change of its constituents (e.g., motions of

pigments in RPE cells in time) affecting the depolarization im-
aging, it should lead to deviation from the model eye result,
which is not seen in Fig. 7(a). It is, therefore, expected that
no major effect by the real temporal change of the samples
were included in this study. An example of a contribution of
a real temporal change in a local region of the image can be
found in Fig. 11. In the DOPU and the corresponding segmen-
tation images, it is observed that blood flow in the inner retinal
layers cause an increase of depolarization and the segmented
pixels around the RPE cell layer (indicated by yellow arrows),
generating a visible difference compared to the adjacent RPE
layer, although no difference within that layer is expected.
The possible cause of this change would be modulation of
the optical paths by the temporal change of the blood flow.

There are two points of further interest that this study and the
results can shed light on. The first point relates to the question:
“What is the optimum condition for imaging depolarizing mate-
rials and tissues and the subsequent data processing?” To answer

Fig. 8 Improvement of contrast-to-noise ratio (CNR) of intensity images by sliding window average as a
function of window size. Regions of interest (ROIs) for intensity images are shown in Fig. 9 (in vivo eyes)
and Fig. 10 (model eye).

Fig. 9 CNR in intensity images in healthy eye 3. (a) to (c) Single frame images. (d) to (f) Images averaged
over 50 frames. (g) to (i) Images averaged over 50 frames and averaged by 2 × 3 ðx; zÞ pixel window. (a),
(d), and (g) are acquired with no dY shift. (b), (e), and (h) are acquired with 1 spot size dY shift. (c), (f), and
(i) are acquired with 2 spot size dY shift. Red rectangles in (a) marked by arrow indicate ROIs for CNR
calculation; 20 × 15 ðx; zÞ pixels each located in nerve fiber layer and inner plexiform layer.
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this question, we checked the DOPU images and segmentation
results from multiple-frame processing regarding their sensitiv-
ity, spatial resolution, susceptibility to fluctuation of the data-
acquisition and postprocessing conditions, as well as by their
similarity to the results from single-frame processing.

A figure of merit analyzed in Sec. 3 was efficiency, leading to
the window volume of 2 to 4 ORV as an optimum. This con-
dition corresponds to using the smallest window for in vivo
eyes, i.e., a 1 × 1 ðx; zÞ window and shift dY of 0 to 1 spot
size [marked as † in Fig. 7(b)]. In this case, the physical exten-
sion of the evaluation window is caused solely by residual
motion artifacts and cross-correlation errors of the averaged
frames. On the other hand, this condition would not be the
best if susceptibility is included into consideration.

Susceptibility is a measure of how repeatable segmentation
results are and is especially important if the imaging of real
patients is considered. The fixation capability and performance
of retinal tracking differ widely among patients, causing varia-
tions of residual motions. In the case of large residual motions,
the effective DOPU evaluation window is widened. If the sus-
ceptibility is high, this widening results in significant variations
between repeated DOPU images and subsequent segmentation
of depolarizing tissues, making segmentation less reliable. An
estimation of the optimum window volume parameter, consid-
ering the effect of this widening, is given in the following.

While the widening in the x and z directions is suppressed
and limited by postprocessing registration, which leaves only
one pixel error, the residual motion in the y direction cannot
be corrected by postprocessing. When the residual y-motion
is increased from a 0 to 1 spot size,38 the window volume
changes by 2 ORV for the 1 × 1 ðx; zÞ window or by 4 ORV
for the 2 × 3 ðx; zÞ window (see Fig. 7, the separations between
the neighboring data points for different shifts dY in the human
eyes). Since the susceptibility is defined as the sensitivity
change per unit window volume change (in ORV), 5% suscep-
tibility corresponds to 20% change (of sensitivity) in the case of
4 ORV window volume change. The susceptibility curve in
Fig. 7(b) shows that if 5% susceptibility is set as a maximum
tolerance, for example, a window volume parameter > 5
ORV is required in the DOPU calculation [e.g., conditions
marked as †† in Fig. 7(b)]. This estimation, therefore, indicates

Fig. 10 CNR in intensity images in model eye. (a) to (c) Single frame images. (d) to (f) Images averaged
over 50 frames. (g) to (i) Images averaged over 50 frames and averaged by 2 × 3 ðx; zÞ pixel window. (a),
(d), and (g) are acquired with no dY shift. (b), (e), and (h) are acquired with 1 spot size dY shift. (c), (f), and
(i) are acquired with 2 spot size dY shift. Red rectangles in (a) marked by arrow indicate ROIs for CNR
calculation; 20 × 15 ðx; zÞ pixels each located in different depths.

Table 1 Curve fitting results with CNRnormalized ¼ Vp .

p (R2)

Model eye 0.63 (0.95)

Healthy eye 1 0.47 (0.79)

Healthy eye 2 0.52 (0.83)

Healthy eye 3 0.53 (0.94)

Average 0.54

All eyes 0.54 (0.77)

(a) 

(b) 
0 

1 

0.5 

0.75 

0.25 

Fig. 11 Possible contributions from the inner retinal layers to DOPU in
the outer layer. Yellow arrows: low DOPU regions with blood flow
fluctuations in the inner layer. Images in healthy eye 1 [Figs. 3(h)
and 3(a)]. (a) RPE segmentation. (b) DOPU.
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a larger window volume parameter than that obtained as an opti-
mum for the maximum efficiency (i.e., 2 to 4 ORV).

Another example of high susceptibility in the case of
employing the smallest window size is the appearance of more
segmented pixels in Fig. 11. The difference between the adja-
cent regions in the RPE layer, i.e., the region affected by blood
flow and the region not affected, can be noticed in Fig. 11,
which is an enlargement of Fig. 3(h), while it is less observable
in Figs. 3(l)–3(n), which are processed with larger evaluation
windows.

The above-mentioned changes and variations in the RPE
layer caused by residual motions or by inner retinal layer con-
tributions disturb stable evaluation and segmentation of the
images, both qualitatively and quantitatively, for small evalu-
ation window sizes.

Another factor impacting the selection of the window volume
parameter (imaging and processing conditions) might be the
similarity to the single-frame processed image when the back-
ward compatibility to previous clinical studies carried out by
single-frame data analysis (e.g., Refs. 18, 25, and 27–30) is
required. For example, if a difference ≤ 20% between the sen-
sitivities or the numbers of segmented pixels by single-frame
and multiple-frame evaluations is requested, the window size
must be >6 ORV [e.g., conditions marked as ††† in Fig. 7(a)].
This is larger than those obtained for the maximum efficiency
(window size: 2 to 4 ORV) and for ≤ 5% susceptibility (window
size: <5 ORV). These analyses of three conditions for the opti-
mum window volume parameter in the DOPU calculation indi-
cate trade-offs, and thus, one should choose the parameter
depending on which figure of merit is required to be optimized.

When we try to include the result of the CNR analysis further
in the above criteria, a larger window volume seems advanta-
geous. However, although CNR is improved by the larger win-
dow volume, the resolution is degraded, leading to a similar
trade-off as in the case of DOPU imaging and depolarizing tis-
sue segmentation.

Another point we should be aware of when realizing an opti-
mum condition is that data-acquisition conditions (i.e., dY shift)
must be defined before the measurement of a patient eye, while
postprocessing parameters [i.e., ðx; zÞ window size, or registra-
tion accuracy) can be changed afterward to optimize each figure
of merit of interest.

As a conclusion, an optimum window volume for a general
purpose would be ∼6 ORV (∼1.83 ORV), which can be realized
by using nominal (i.e., not including optical broadening) win-
dow size parameters having an extent of about a half optical
resolution for each dimension (e.g., in this study by our system,
conditions close to the criteria are x: 2 pixels, z: 3 pixels, dY: 0
spot size and x: 1 pixel, z: 1 pixel, dY: 1 spot size) assuming an
additional broadening by residual motion or registration error
ranging from 0.3 to 0.5 times the optical resolution for each
dimension.

The result of the saturation curve in Fig. 7 deserves further
discussion especially with regard to speckles. According to a
previous study using phantoms containing melanin granules
or latex particles, the mechanism causing depolarization was
suggested to be multiple scattering by those embedded par-
ticles.44 The hypothesis is that in the multiple-scattering process,
the polarization is very sensitively modulated by even small
changes of the optical path or beam incident condition. This
can be explained by considering that a single-scattering process
by a dielectric structure having a size of the order of the

wavelength as the elementary process of the multiple scattering
has a relatively strong polarization dependence on scattering
angles (e.g., by the theories and approximations of Mie and
Rayleigh scattering regimes),47–49 and each scattering angle at
the constituent single-scattering process ranges widely in a tur-
bid medium, where the scattering paths are randomly distrib-
uted. Thus, the resulting polarization states range broadly,
depending sensitively on the positions of incidence (i.e.,
pixel location). In such situations, where multiple scattering
dominates, speckles will naturally be strong and fully developed
in the obtained image, since they also originate from amplitude
and phase modulations by multiple scattering.

An important point is that the speckles are not just random
noise, in this context; they carry information on the sample opti-
cal properties. The averaging of the Stokes vector (and using the
norm of the averaged vector), in evaluation of DOPU, is a math-
ematical operation that can represent the randomness or uni-
formity of the vectors; e.g., in case of a vector norm ≈1 for
the averaged vector, the vectors have similar orientation and
the backscattered light is in a well-defined polarization state,
whereas in the case of a short vector norm (i.e., far from 1)
for the averaged vector, the vectors are randomly oriented
and the backscattered light is depolarized. Therefore, the mean-
ing of this averaging operation is rather different from, e.g., the
averaging of OCT intensity for speckle noise reduction. Thus,
the speckle patterns, imaged in the two orthogonal polarization
detection channels, contain the information on the property of
optical samples, and the information is decoded by, e.g., taking
the ratio of the two interference signal amplitudes for
retardation.

In the following, we provide a simplified analysis of the
DOPU behavior as a function of window size in terms of a sim-
plified speckle model (Fig. 12), where DOPU is replaced by uni-
formity or randomness of polarization states along the one-
dimensional spatial extent, and the polarization state is repre-
sented only by retardation. Speckle patterns are generated by
two orthogonal polarization states and detected by PS-OCT;
the resulting retardation distribution derived by PS-OCT is ana-
lyzed. In this model, the speckle pattern is expressed as either
(1) a sinusoid as a function of position in the xy-plane, and the
highest spatial frequency (determined by the optical spot size
or lateral optical resolution) of the speckles is employed
[Fig. 12(a)], or (2) evenly adding two sinusoids: one with the
highest frequency and the other with 1∕2.3 of the highest fre-
quency [the ratio 2.3 is chosen for a generalization: in order to
avoid exact harmonics (e.g., 2 or 3), which would lead to a spe-
cial condition]. The difference of the speckle patterns generated
by the two polarization states is modeled as a relative shift in
space, e.g., 0.3 spot sizes in this example (similar to above,
chosen from aliquant numbers). Retardation is calculated by
the arctangent of the ratio of signal amplitudes of the two polari-
zation states.1,5 In case (1), retardation changes by the full range
from 0 to 90 deg with a period of 1 spot size. Here, in this sim-
plified model, the behavior of polarization uniformity is deter-
mined solely by this retardation change in space, so we expect
that the uniformity decreases according to the widening of the
averaging width from a 0 to 1 spot size, because the retardation
changes over the whole range (0 to 90 deg) within that width.
When the averaging is performed over a larger volume beyond
the 1 spot size, the polarization uniformity is not decreasing any
further, since the retardation variations within the larger volume
will be similar. The distribution of retardation values included in
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the averaging volume is expressed in Fig. 12(e) in terms of the
accumulated range of retardation, and it shows a saturation
behavior as discussed above.

It is assumed, in case (1), that speckles are fully developed by
abundant multiple-scattering processes, which dominate other
single-scattering processes, so that the amplitudes undergo
full modulation (i.e., contrast of the sinusoid is 100%, and the
amplitudes range from 0 to 1 without an offset). In case that the
modulation is not full, where lower spatial frequency compo-
nents play a role, e.g., in case (2), which employs a 50∶50 mix-
ture of the two sinusoids, the saturation observed in Fig. 12(e) is
slower as compared to that in case (1), because the amplitudes
only reach the full range 0 to 1 at ∼3.5 spot sizes as does the
retardation.

This brief analysis is in agreement with the overall behavior
of the DOPU segmentation sensitivity in Fig. 7(a), which has a
steep rise from 1 to 3 ORV window volumes corresponding to
dY shifts from 0 to 2 or 3 spot sizes, and the following satura-
tion; even this simple model can explain the essential features
and the mechanism and suggests that the dominating spatial
frequency of the speckle patterns is equivalent to 1 to 3 spot
sizes.

In contrast to the saturation behavior of the DOPU segmen-
tation sensitivity, the behavior of CNR in Fig. 8 does not exhibit
obvious saturation. The CNR of intensity images improves with
averaging window volume according to a power law with a
power of ∼0.54. This result agrees well with previous analyses,
stating that the noise reduces according to the square root of the
number of independent speckles to be averaged.41,50,51 The

averaging window volume units of ORV, used in this study
as the parameter in Fig. 8, corresponds to the number of inde-
pendent speckles when the speckles are well developed and have
a typical size of 1 ORV three dimensionally, making the agree-
ment consistent.

The differences of the fitted power p among the eyes, rang-
ing from 0.47 to 0.63 in Table 1, can be explained as follows: in
reality, the ROIs contain real features (i.e., structures like capil-
laries, etc., which are not regarded as speckles) larger than the
speckle size and smaller than the size of the ROI, the distribution
of which are different among model eye and human eyes, lead-
ing to different end points, i.e., the CNR curves are not neces-
sarily exactly equal.

Another factor for the model eye used in this study is that the
difference of OCT intensities in the ROIs originates from a
rather continuous drop-off of the SD-OCT sensitivity change
in depth and attenuation by the preceding scatterers. Such a con-
tinuous drop-off also causes a gradient within each of the ROIs
along the depth. The gradient adds an offset to the intensity var-
iances in the ROIs, and so lowers the CNR. The usage of a
model eye with a more elaborate multilayer coating for the mod-
eled retina52 would enable a condition closer to that of the in vivo
retina.

The second point of interest this study should shed light on is
to investigate and to interpret the higher-resolution images
obtained by the different 3-D evaluation windows for DOPU,
especially in the case of the smallest 3-D window [i.e., 1 × 1

ðx; zÞ window and (dY ¼ 0). Since the images obtained under
that condition show somewhat different DOPU distribution and

Fig. 12 Simple modeling of speckles and polarization change as functions of position in xy -plane. (a)
and (c) OCT signal amplitudes for two polarization channels 1 and 2. (b) and (d) Retardation. (e) Ranges
of retardation. Speckle pattern is modeled by single sinusoid of the highest spatial frequency for (a) and
(b), and evenly added two sinusoids of the highest and 1∕2.3× the highest frequency for (c) and (d). Each
sinusoid of channel 2 is shifted by 0.3 spot size in xy -position against the corresponding sinusoid of
channel 1 for both the highest and 1∕2.3× the highest frequencies.
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segmentation results for depolarizing material than those for-
merly seen in the images processed by single-frame evaluation
windows, it can lead to new understanding of the tissue struc-
tures and characteristics, as well as the mechanism of how the
depolarization evolves in the retinal layers.

The most noticeable difference observed is the decrease of
depolarizing tissue in the thick band region around the RPE
cell layer, especially the appearance of many breaks and frag-
mentations in the middle of the band. The question of whether
this broken structure means a real RPE loss or not is critical
when the segmented images are to be used in clinical situations.
A possible interpretation is explained using Fig. 13, where
enlarged images of intensity and depolarizing material segmen-
tation [Figs. 13(d) and 13(f)] are displayed along with corre-
sponding intensity and DOPU profiles as functions of depth
[Fig. 13(e); generated by averaging over 100 horizontal pixels].

The photoreceptor inner and outer segment junction (IS/OS),
the cone photoreceptor outer segment tips [COST; or Verhoeff’s
membrane (VM)], and the rod photoreceptor outer segment tips
(ROST),53,54 indicated in Fig. 13, are interfaces between the reti-
nal structures. They exhibit hyper-reflective peaks in the inten-
sity profile and show local increases and peaks at the
corresponding positions in the DOPU profile. These correlations
between the intensity and DOPU profiles are in agreement with
previous reports, which have shown that these structures exhibit
polarization-preserving reflections;16,44 these reflections occur at
interfaces that do not consist of thick cells and a rather simple
single-scattering process is expected.

BM, consisting mainly of elastic fibers, is a thin (2 to 4 μm)
acellular matrix55 and, therefore, is expected to also exhibit
polarization-preserving reflection. In Fig. 13, it can be observed
that the BM has a hyper-reflective peak in the intensity profile
and exhibits a local increase with a peak at the corresponding
position in the DOPU profile, suggesting a polarization-preserv-
ing reflection. Contrary to other polarization-preserving reflec-
tions, the DOPU peak of the BM is within a wide valley [e.g.,
shown as the blue dashed curve indicated by ‡ in Fig. 13(e)].

This wide valley corresponds to the depolarization caused by
the RPE cells (e.g., shown in Ref. 44 with a comparison between
normal and albino human retinas, where an albino retina does
not have a typical low DOPU distribution around the RPE); the
RPE cell layer also exhibits a hyper-reflecting peak in the inten-
sity profile, while a local decrease and a valley are around the
corresponding position in the DOPU profile. Two noticeable
features of this DOPU valley profile are (1) the width of the
valley is larger than those of the intensity peaks of other layers
and (2) the depth position of the local minimum is displaced
from the peak position of the intensity profile.

These features suggest that the contribution from the RPE
cell layer to the intensity profile should spread wider than
other hyper-reflective peaks and should have a tail toward the
deep side of the maximum position, e.g., the blue dashed
curve indicated by † shown in Fig. 13(e). This wide profile
with tailing and the shifted peak positions between the intensity
and DOPU profiles can be explained by taking the multiple-scat-
tering processes by the pigments (melanin granules) contained

Fig. 13 Comparison of enlarged images in healthy eye 1 for the detailed locations of retinal layers and
their depolarization properties. (a) and (d) Intensity: 50 frame processed images with 1 × 1 ðx; zÞwindow,
acquired with dY ¼ 0. (b) and (f) Depolarizing material segmentation. (c) DOPU. Yellow rectangle indi-
cates area shown in enlarged images (d) and (f). Charts in (e) illustrate estimated contributions from
involved retinal layers in comparison to the depth positions in (d) and (f). Magenta brackets indicate
depth ranges of the double-layer: *Inner layer above Bruch’s membrane, and ** outer layer below
Bruch’s membrane. Scale bars: 50 μm. Color scale (DOPU): 0 to 1. RPE, retinal pigment epithelium;
BM, Bruch’s membrane; IS/OS, inner/outer segment junction of photoreceptors; COST, cone photo-
receptor outer segment tips; ROST, rod photoreceptor outer segment tips.
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within the RPE cells into consideration44 as follows. The con-
tribution from the RPE cell layer can be decomposed into two
components: (1) single scattering with no depolarization and
(2) multiple scattering caused by melanin granules that exhibit
depolarization. Because multiple scattering naturally elongates
the optical path length, the corresponding profiles in the inten-
sity and DOPU exhibit wide distributions [cf. in Ref. 44, a wide
(fuzzy) distribution of intensity image in a healthy retina disap-
pears in an albino retina, suggesting the contribution of the
melanin granules in the RPE cells). With regard to the depolari-
zation, the contribution from multiple scattering, which causes
depolarization, appears in deeper locations than that from single
scattering, and this leads to the displacement of the intensity
peak and the DOPU minimum.

As a result, in the depolarizing material segmentation, the
segmented pixels are at the depth position of the RPE cell
layer located above the BM (sub-band denoted by *) and the
position below the BM (sub-band denoted by **), while there
are fewer segmented pixels in the middle of the thick band at the
depth of BM, leading to a seemingly double-layered distribution
of the RPE cells or its constituent pigments (melanin granules).

It should be stressed, however, from the aforementioned dis-
cussion, that this distribution does not exactly map the real posi-
tion of the RPE cells or the pigments, but rather reflects echo-
like tails originating from multiple scattering, i.e., the inner sub-
band locates the RPE cells but at a slightly reduced thickness
(the inner side is eroded) due to the transition from single to
multiple scattering, and the other sub-band below BM locates
nothing but the echo.

Figure 14 is an enlarged comparison of the multiple-frame
and single-frame processed RPE segmentation images, in
which the estimated location of the RPE cell layer is highlighted
by a yellow rectangle. This suggests that the segmented pixels of
the depolarizing material for RPE need to be interpreted as the
segmented layer is thickened and approximately doubled in
depth, so the outer half would be an artifact by echo, and
most of the inner part is eroded. These differences between
the segmentation results and the real distribution of the RPE
cells would depend not only on the imaging and processing con-
ditions, but also on the retina itself, especially in the case of
patient eye imaging where RPE and its constituents would

undergo pathologic changes; therefore, the interpretation should
be made with caution.

Another aspect is that in vivo retinal OCT imaging is always
accompanied by speckles. As a result of this study, the effect of
speckles leads to in-plane fluctuation of the fragmentations and
breaks at the depth of BM in the thick band or the double-lay-
ered structure. At pixels where a speckle causes a weak signal
from multiple scattering by RPE cells and a strong signal from
BM, it results in a higher DOPU value, and vice versa. These
fluctuations appear as the scattered red-orange spots at BM
depth in Figs. 3(a), 4(a), 4(i), and 13(c). As an advantage of the
high-resolution depolarization imaging by this small DOPU
evaluation window, those scattered spots can be noticed as a
speckle fluctuation.

In the lower-resolution conditions, e.g., segmentation by an
8 × 10 pixel DOPU evaluation window in single-frame image,
this fluctuation appears differently. Figure 15 is a comparison
with the single-frame processed image. In the single-frame
image [Fig. 15(a)], the breaks appear as a complete loss of the
RPE in those locations, whereas in the images from multiple
frames [Figs. 15(b) and 15(c)], the double-layered structures
can still be perceived and can be recognized as laterally continu-
ous, indicating no RPE loss, although fluctuations are present.
In order to interpret these results appropriately, corresponding
DOPU images are also shown side-by-side in Figs. 15(d)–15(f).
It can be observed that the red-orange spots in Figs. 15(e)
and 15(f) are smeared out into the yellow areas in Fig. 15(d),
which appear as a relatively large vacancy of RPE in the seg-
mentation image [Fig. 15(a)]. Compared with the DOPU evalu-
ation window size [magenta-colored rectangle in Figs. 15(a) and
15(c)], this smearing is probably caused by the low-pass filtering
effect of the window. Considering that this retina is normal, the
apparent RPE loss observed in Fig. 15(a) is likely an artifact;
hence, a reasonable precaution from this example is that
when interpreting the single-frame image with RPE breaks,
one should think about the possibility of speckle artifacts,
which could mimic real losses of RPE. Adaptation of the
DOPU threshold might improve the results obtained by sin-
gle-frame imaging.

As a conclusion, this high-resolution depolarization imaging
by the smallest DOPU evaluation window with multiple-frame

Fig. 14 RPE cell layer position estimated in depolarizing material segmentation overlaid on intensity
images in healthy eye 1. (a) 50 frames processed by 1 × 1 ðx; zÞ window. (b) 50 frames processed
by 2 × 3 ðx; zÞ window. (c) Single frame processed by 10 × 8 ðx; zÞ window. Magenta brackets indicate
depth ranges of the double layer. *Inner layer above Bruch’s membrane, and **outer layer below Bruch’s
membrane. Yellow rectangles show estimated location of RPE cell layer.
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processing would be beneficial for avoidance of inaccurate inter-
pretations of RPE segmentation and for leading to an appropri-
ate use of this depolarization imaging technique in research and
clinical situations.

5 Conclusion
Using a PS-OCT system with an integrated tracker, we have
demonstrated and investigated the impact of DOPU evaluation
window size in 3-D for in vivo retinal PS-OCT imaging.

Optimum conditions for DOPU imaging and depolarizing
tissue segmentation are discussed and proposed depending on
practical criteria. By introducing a primary parameter, the 3-
D DOPU evaluation window size in units of ORVof the imaging
system, the figures of merit—sensitivity, efficiency, and suscep-
tibility—were consistently analyzed. Interpretation of the
DOPU and RPE segmentation images with a high resolution
obtained by the smallest DOPU evaluation window was given,
indicating the real positions of the RPE cell layer and BMwithin
the broad hyper-reflective band of the RPE–BM complex, and
the existence of a tailed artifact caused by multiple scattering.

The new findings and understandings of the optimum con-
dition and the interpretation will lead to more accurate and
robust use of depolarization imaging by PS-OCT in clinical
imaging and studies.
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