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Abstract. Polarization-sensitive optical coherence tomog-
raphy (PS-OCT) is known to be advantageous because of
its additional tissue-specific contrast of the anterior eye. So
far, this advantage has been shown only qualitatively. We
evaluate the improved visibility afforded by 3-D PS corneal
and anterior eye segment OCT (PS-CAS-OCT) in visualiz-
ing the trabecular meshwork (TM) based on statistical ev-
idences. A total of 31 normal subjects participated in this
study. The anterior eye segments of both the eyes of the
subjects are scanned using a custom-made PS-CAS-OCT
and the standard-scattering OCT (S-OCT) and polarization-
sensitive phase-retardation OCT (P-OCT) images are ob-
tained. Three graders grade the visibility of the TM using a
four-leveled grading system. The intergrader agreement, in-
termodality differences, and interquadrant dependence of
visibility are statistically examined. All three of three com-
binations of graders show substantial agreement in visi-
bility with P-OCT (ρ = 0.74, 0.70, and 0.68, Spearman’s
correlation), while only one of three shows substantial
agreement with S-OCT (ρ = 0.72). Significant dependence
of the visibility on the modality (S-OCT versus P-OCT) and
quadrants are found by the analysis of variance. A sub-
sequent Wilcoxon signed-rank test reveals significantly im-
proved visibility. PS-CAS-OCT may become a useful tool for
screening angle-closure glaucoma. C©2010 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.3499421]
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1 Introduction
Angle-closure glaucoma (ACG) is a type of glaucoma that is
triggered by an anatomical disorder in the anterior segment of the
eye. At a ciliary body, aqueous humor is generated, introduced
to the anterior eye chamber, and drained from the trabecular
meshwork. The anatomical blockage of the drainage channel
of the trabecular meshwork triggers the elevation of intraocular
pressure (IOP), and this elevated IOP damages the optic nerve.1

This acute process is referred to as an attack of ACG. Since the
prevalence of ACG is high,2–9 it is important to assess the risk of
ACG before the onset of symptoms by using suitable screening
procedures.

In a conventional screening procedure, the opening of the
iridocorneal angle is assessed by a contact gonioscopic lens, and
the position of the trabecular meshwork is used as a landmark for
the angle assessment. Anterior-eye-segment optical coherence
tomography10 (AS-OCT) and 3-dimensional (3–D) cornea-and-
anterior-eye-segment OCT (3-D CAS-OCT) (Refs. 11 and 12)

1083-3668/2010/15(6)/061705/10/$25.00 C© 2010 SPIE

Journal of Biomedical Optics November/December 2010 � Vol. 15(6)061705-1

mailto: yasuno@optlab2.bk.tsukuba.ac.jp.


Yasuno et al.: Visibility of trabecular meshwork by standard and polarization-sensitive . . .

are recent technologies that provide tomographic images of the
cross section of an anterior eye segment in a noncontact manner.
Since this equipment can be easily operated and is comfortable
for the patients, it has been widely utilized for ACG screening.
By using compatibility between the image properties of OCT
and ultrasound, ultrasound-based structural parameters, such as
angle-opening distance at 500 μm (AOD500) (Ref. 13) and
angle recess area14 (ARA) have been applied to perform the
OCT-based screening. Since the trabecular meshwork is rarely
visible in the OCT images, these parameters are assessed using
the location of a scleral spur as a landmark.

Occasionally, although the OCT screening protocol may have
been properly employed, the scleral spur may not be visible in
the OCT image. A previous study has shown that the scleral spur
is visible in only 72% of the OCT images,15 i.e., the mentioned
parameters are not applicable to more than a quarter of the
general population. The use of the trabecular meshwork as a
landmark may be more appropriate not only because of the
visibility issue of the scleral spur but also because the glaucoma
attack is triggered by an anatomical blocking of the trabecular
meshwork.

The trabecular meshwork appears as a diffuse hyperscatter-
ing region in an OCT image,10–12 but it is not always clearly
visualized. Therefore, it is important to establish new types of
OCT with improved contrast mechanisms that can be used to
clearly visualize the trabecular meshwork.

The trabecular meshwork is a collagenous tissue with a
perforate structure.16 Consequently, the meshwork shows bire-
fringence, and it can be selectively visualized17, 18 by using a
polarization-sensitive extension of OCT. This modified OCT,
referred to as polarization-sensitive OCT (PS-OCT), is an OCT
system that measures the polarization phase retardation caused
by the birefringence of a sample.19, 20 PS-OCT can simultane-
ously provide phase-retardation tomography (P-OCT) and stan-
dard scattering OCT (S-OCT) images. This new type of OCT
has been used for the investigation of the posterior21–25 and
anterior eye segments,26 quantitative assessment of a retinal
nerve fiber layer,27–30 and follow-up investigations after glau-
coma surgery.31

Although it is known that PS-OCT has the potential to clearly
visualize the trabecular meshwork, there are no evidence-based
studies for proving this improved visibility.17, 18 In this paper, we
aim to provide, to the best of our knowledge, the first statistical
evidence of the enhanced visibility of the trabecular meshwork
by PS-OCT.

2 Methods
2.1 Subjects and Protocol
We recruited 31 subjects who did not show any marked dis-
order in the anterior eye segment. The subjects, who were re-
cruited at the University of Tsukuba, consisted of 24 men, and
7 women, and the mean age of the subjects was 26.6 ± 6.0 yr
(mean ± standard deviation; ranged from 22 to 48 yrs).

The IOPs of both eyes of all the subjects were measured by
using a Goldman applanation tonometer. After the tonometric
examination, the subjects were examined18 using our 3-D PS-
CAS-OCT. The tilting angle of the eye was minimized as the
angle between the bottom line of the iris becomes parallel to
the bottom line of the OCT image. During the 3-D PS-OCT

scan, which typically takes 3.3 s, the eye was kept open by
using a speculum. Since the tonometric examination and the eye
speculum were contact methods, 0.4% topical oxybuprocaine
was applied to anesthetize the cornea. The scanning protocol
involved a horizontal fast-raster scan with 256×256 A-lines,
and the transversal scanning area was 16 ×16 mm. The PS-
OCT examination was performed on both eyes. Thus, a total
of 62 eyes were examined. Before and after the OCT scan,
the integrity of the eye was examined by a standard slit-lamp
microscope.

The study protocol, purpose of the study, and the potential
risks of the examination were explained to the subjects orally,
and in writing, and written informed consent was obtained from
all of the subjects.

All the examinations conformed to the Declaration of
Helsinki, and all the protocols were approved by the Institu-
tional Review Board of the University of Tsukuba.

2.2 PS-OCT
A custom-built 3-D PS-CAS-OCT was employed in this study.
This PS-OCT is an extension of our 3-D swept-source CAS-
OCT (Ref. 11), and it can acquire 3-D S-OCT and P-OCT images
simultaneously. Since the details of the system are comprehen-
sively described in Ref. 18, we provide only a brief summary of
the working principle of this instrument.

This PS-OCT continuously modulates the polarization state
of the probe beam along the wavelength tuning of frequency-
domain optical detection. Consequently, the probe beam pos-
sesses two orthogonal polarization components; one of these
components is modulated in its phase, and the other is not mod-
ulated. The probe beam illuminates the sample, is scattered
back, introduced to a polarization-sensitive photodetector pair,
and forms a pair of spectral-interference fringes as a result of the
interference with a reference beam. One of the detectors of the
photodetector pair is sensitive to the horizontal polarization state
(horizontal channel), and the other is sensitive to the vertical po-
larization state (vertical channel). Since the polarization axes
of the polarization-sensitive detectors were not identical to the
polarization axes of the already-mentioned modulation, we ob-
tained four combinations of the polarization states: modulated
in phase and detected by the horizontal channel, modulated-
vertical, nonmodulated-horizontal, and nonmodulated-vertical.
These four combinations of polarization yield four complex
OCT images, which are processed using a custom-made PS-
OCT algorithm to yield a depth-resolved Jones-matrix tomog-
raphy. Each Jones matrix of the tomography is then diagonalized
and resolved to physically meaningful parameters: phase retar-
dation (the relative phase between the eigenvalues of the Jones
matrix), diattenuation coefficients (the ratio of squared ampli-
tudes of the eigenvalues), and optic axis orientation (the direc-
tion of the eigenvectors). The depth-resolved phase-retardation
map obtained is the final PS-OCT image, which is referred to
as a P-OCT image. Further, the intensities of the nonmodulated
complex OCT images are averaged to provide an S-OCT image.

The center wavelength of PS-OCT was 1.31 μm, the depth
and transversal optical resolutions were 11.9 μm (in air)
and 32.2 μm, respectively, and the acquisition speed was
20,000 A-lines/s. The scanning protocol utilized in this partic-
ular study provided the transversal A-line spacing of 62.5 μm,
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Fig. 1 Examples of (a) S-OCT and (b) P-OCT images of human anterior eye angle. The trabecular meshwork appears as a diffusive hyper scattering
region in S-OCT, while it appears as a bending fringe pattern in P-OCT. These images are created from Interactive Scientific Publishing (ISP) data
sets of Ref. 31.

and hence this A-line spacing dominated the nominal transver-
sal resolution. During the scanning procedure, the optical power
incident on the cornea was 4.0 mW, which satisfied the safety
standard of ANSI (Ref. 32).

The examples of P- and S-OCT images of an anterior eye
segment are shown in Fig. 1. In the S-OCT image [Fig. 1(a)],
the trabecular meshwork appears as a diffusive scattering region,
while it appears as a bending fringe pattern in the correspond-
ing P-OCT image [Fig. 1(b)]. This is caused by a characteris-
tic birefringence property of the trabecular meshwork, and this
fringe pattern makes the recognition of the trabecular meshwork
easy. The detailed mechanism of this appearance is discussed in
Sec. 4, and the superior visibility of the trabecular meshwork by
P-OCT to S-OCT is discussed in the following sections.

2.3 Image Preparation and Grading
After the mentioned PS-OCT examinations, the S- and P-OCT
images were processed using the following protocol. From each
3-D OCT volume, images corresponding to four virtual cross
sections, namely, the temporal, superior, nasal, and inferior
quadrants were extracted. The images were properly flipped
to align their angle corners to the left side of the image. This
step was performed to blind the quadrant from the graders who
subjectively graded the visibility of the trabecular meshwork.
Since four S-OCT images and four P-OCT images were created
from each eye, a total of 496 images were used in the subsequent
grading process.

All the quadrant images were then examined by three graders,
including two experienced ophthalmologists, KK and SF, who
used CAS-OCT (Visante OCT, Carl Zeiss Meditec, California)
in their daily clinical routines. The third grader was an OCT
engineer, YY, who is experienced in both standard OCT and
PS-OCT. The quadrant images were presented to the graders in
a random sequence, and each grader was blinded to the results
provided by the other graders. The graders graded the visibility
of the trabecular meshwork in the S- and P-OCT images on the
basis of the grading criteria presented in Table 1. This criteria
were designed not to directly evaluate an image contrast but to
evaluate the clinical significance of OCT images. This grading
concept enabled a fair comparison of P-OCT and S-OCT, which
were based on different imaging mechanisms. This visibility
defined here was referred to as the score visibility. Figure 2

shows the examples of the S- and P-OCT images corresponding
to each score.

A binary visibility was then determined by using the score
visibility. In the binary visibility, the images with scores of 1
and 2 were labeled as invisible, while images with scores of 3
and 4 were labeled as visible. Then, the sensitivity was defined
as the ratio of the number of visible images to the total number
of images. The images with scores of 0 (image not available)
were excluded from the subsequent analyses.

The cohort was then resized according to the score visibility.
Only the subjects with the score visibility better than or equal to
1 for 6 quadrants, i.e., the temporal, nasal, and inferior quadrants
of the 2 eyes, were included in the subsequent statistical analysis.
A few images presented the score visibility of 0 at these three
quadrants mainly because of unoptimized alignment of the eye.
The superior quadrants were not used in the analysis, because the
images from almost all the subjects showed vignetting caused
by the eyelid. After this resizing procedure, 52 eyes from 26
subjects were finally included in the study.

2.4 Statistical Analysis
The properties of the score visibility, binary visibility and sen-
sitivity were analyzed by the following statistical methods. The
overall property of the score visibility was examined by anal-
ysis of variance (ANOVA). The intergrader agreement of the
score visibility was analyzed by Spearman’s rank correlation.
The intermodality differences between the score visibilities for
the S- and P-OCT images were examined by Wilcoxon’s signed

Table 1 The grading criteria to access the visibility of the trabecular
meshwork.

4 Clearly Visible, and the location is identified

3 Visible

2 Moderately Visible, but could be artifact

1 Invisible

0 Image not available
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Fig. 2 Examples of S- and P-OCT images with each grading score. The arrows indicate the possible locations of trabecular meshwork. The larger
scores indicate a higher visibility of the trabecular meshwork. Here the respective S- and P-OCT images for the same score are not necessarily
created from the same data set.

rank test. The interquadrant dependence of the score visibil-
ity was examined by Wilcoxon’s signed-rank test. For these
analyses of score visibility, rank correlation and rank test were
used because the score visibility was represented by discrete
ranks.

The overall properties of the binary visibility were analyzed
by logistic regression analysis, while the intergrader agreement
was examined by Fleiss’s kappa test. The intermodality differ-
ences and the interquadrant dependence of the sensitivity were
examined by Fisher’s exact test. For these analyses of binary vis-
ibility, we properly selected the statistics suitable for the analysis
of binary data.

Both for the score visibility and binary visibility the men-
tioned statistical analyses were performed for the following
purposes. Intergrader agreements were examined to evaluate
the consistency of grading results among the three graders. This
consistency may indicate grading objectivity. The intermodality
differences were examined to prove the superior performance of
P-OCT to S-OCT. The interquadrant analyses were performed
to reveal the further direction-dependent contrast property of
S-OCT and P-OCT.

The left eyes were used for analyzing intermodality and in-
terquadrant differences in the score visibility, while the right

eyes were used for analyzing intermodality and interquadrant
differences in sensitivity.

The statistical analyses were performed by using the statistics
computing language R. Most of the statistical analyses were
performed using a base-package of R, and additional libraries,
including Coin-package, were properly used to calculate the
tie-corrected exact p values.

3 Results
3.1 Score Visibility
The overall properties of the score visibilities recorded by the
three graders were examined by ANOVA where the explaining
variables were the type of OCT (S- and P-OCT, denoted as
modality), quadrant, laterality, IOP, and age. All interactions of
two of the explaining variables were accounted. The results of
this analysis are summarized in Table 2. For all the three graders,
the score visibilities showed statistically significant dependence
on the modality (S- and P-OCT) and the quadrants, and there
was a significant interaction between the modality and quadrant
in the scores recorded by all the three graders.

The intergrader agreements for the score visibilities were
evaluated for both S- and P-OCT images. We observed a
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Table 2 ANOVA p values of score visibilities.

Factor KK SF YY

Modality <0.001** <0.001** <0.001**

Quadrant <0.001** <0.001** <0.001**

Laterality 0.20 0.36 0.73

IOP 0.16 0.83 0.27

Age 0.65 0.77 0.78

Modality-quadrant 0.020* 0.020* 0.0013**

Modality-laterality 0.11 0.88 0.84

Modality-IOP 0.42 0.92 0.22

Modality-age 0.98 0.056 0.84

Quadrant-laterality 0.68 0.25 0.94

Quadrant-IOP 0.12 0.84 0.91

Quadrant-age 0.11 0.48 0.53

Laterality-IOP 0.25 0.98 0.35

Laterality-age 0.22 0.36 0.20

IOP-age 0.28 0.0036** 0.20

Each column represent the graders, and the hyphens represents interaction.
Modality is the type of OCT (S- and P-OCT). Statistical significance is *at p <

0.05 and **at p < 0.01.

substantial agreement between the S-OCT-based scores in one
of the three combinations of graders (ρ = 0.72, p < 0.0001),
and the remaining two combinations showed moderate agree-
ments (ρ = 0.58 and 0.59, p < 0.0001 for both), where ρ > 0.60
was regarded as substantial. For the P-OCT-based scores, all
the three combinations of graders showed substantial agreement
(ρ = 0.74, 0.68, and 0.70, p < 0.0001 for all).

The average scores of the score visibility for each modality,
and each grader are summarized in Fig. 3 Since we did not
observe any significant dependence on laterality in the ANOVA,
only the left eyes were analyzed. The average scores for the
P-OCT images were better than those for the S-OCT images, for
all quadrants and all graders. Statistically significant differences
existed between the temporal-quadrant scores recorded by all
the graders.

The interquadrant differences in the scores for the left eyes
were analyzed by a Wilcoxon signed-rank test. The mean score
differences for each combination of quadrants are summarized
in Table 3. For all the graders and both modalities, the scores for
the inferior quadrant were significantly lower than those for the
temporal and nasal quadrants. The average scores for the nasal
quadrant were better than those for the temporal quadrant for all
the graders, and was statistically significant for YY. In contrast,
the average P-OCT scores for the temporal quadrant were better
than those for the nasal quadrant, for all the graders.

S -OC T
P -OC T

<.001**<.01**<.001** .069 .040* .024* <.001** .095 <.01**

S
co

re

KK SF YY KK SF YY KK SF YY
1

2

3

4

5 Temporal Nasal Inferior

Fig. 3 Average scores of left eye. The values over the bars are the p
values of the Wilcoxon signed-rank test between S- and P-OCT scores.
The whiskers indicate the standard deviations.

3.2 Binary Visibility and Sensitivity
The average sensitivities of S- and P-OCT were 40.7 and 65.8%,
respectively, where the average sensitivities are the averages of
the three quadrants and the three graders at right eyes. The over-
all properties of the binary visibility, and therefore the sensitivity,
were analyzed by logistic regression analysis, as summarized in
Table 4. The binary visibilities recorded by all the three graders
were found to be significantly dependent on the OCT modality.
We also found a statistically significant interaction between the
nasal and inferior quadrants for all three graders.

The intergrader agreement for the sensitivity values was eval-
uated by using the Fleiss kappa statistics. The Fleiss kappa
values were 0.529 for S-OCT and 0.534 for P-OCT. These
kappa values indicate moderate intergrader agreement both for
S- and P-OCT, which implies that subjective variation among
the graders did not strongly affect the sensitivity.

The sensitivities calculated from the scores for the right eyes
and their corresponding intermodality differences are summa-
rized in Table 5. For all the three graders, the results showed
superior sensitivity of P-OCT to S-OCT. At the inferior quad-
rant, the improved sensitivity was found by two of three
graders. Additional analyses of the left eye showed similar
results.

The interquadrant differences in the binary visibility were
analyzed by using the dataset of the right eyes in Fisher’s ex-
act test. Table 6 shows a summary of the interquadrant differ-
ence obtained by a representative grader (KK). The residual two
graders showed similar results. For all three of three graders and
for both S- and P-OCT, statistically significant interquadrant dif-
ferences were found for temporal-nasal and nasal-inferior quad-
rants. Although we did not find any statistical significance, note
that the odds ratios of S-OCT for the temporal-nasal quadrant
were less than unity for all the graders, while the correspond-
ing odds ratios for the P-OCT images were greater than unity
for all the graders. This suggests that S-OCT has better visi-
bility at the nasal quadrant than the temporal quadrant, while
P-OCT has better visibility at the temporal quadrant than the
nasal quadrant.
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Table 3 The mean differences of score-visibility for each combination of two quadrants.

KK SF YY

S-OCT T – N − 0.22 (0.35) − 0.41 (0.10) − 0.59 (0.01)

T – I 1.59 (<0.001**) 0.56 (<0.01∗∗) 1.07 (<0.001**)

N – I 1.81 (<0.001**) 0.96 (<0.001**) 1.67 (<0.001**)

P-OCT T – N 0.22 (0.21) 0.04 (0.87) 0.19 (0.36)

T – I 1.30 (<0.001**) 0.96 (<0.001**) 1.56 (<0.001**)

N – I 1.07 (<0.001**) 0.93 (<0.001**) 1.37 (<0.001**)

The values are represented by the mean difference (p value). T, N, and I indicate temporal, nasal, and inferior quadrants.
Quadrant 1 to quadrant 2 represents the subtraction of the score of quadrant 2 from that of quadrant 1. **Statistical
significance at p < 0.01.

4 Discussion and Conclusion
The results of the intergrader agreement analysis of the binary
visibility for the P-OCT images showed a comparable degree
of agreement with those for the S-OCT images. In contrast,
in the intergrader analysis of the visibility scores, we found
that the number of grader combinations showing substantial
agreement for the P-OCT-based assessments was greater than
the corresponding number for the S-OCT-based assessments.
Since the agreement for binary visibility assessments is not
affected by the score fluctuation between 1 and 2, and between
3 and 4, the results imply that P-OCT has a higher intergrader
agreement, especially between scores 1 and 2, and scores 3,
and 4.

The ANOVA of the score visibility (Table 2) and the logistic-
regression analysis of the binary visibility (Table 4) indicated
a significant improvement in the visibility when using P-OCT.
Subsequent analyses with Wilcoxon signed-rank test (Fig. 3),
and Fisher’s exact test (Table 5) of the intermodality difference
showed that there was a significant improvement in the tempo-
ral quadrant visibility for all the graders when using P-OCT. In
the same analysis, two of the three graders showed significantly
improved visibility when analyzing inferior quadrant P-OCT
images. At the nasal quadrant, the average score and the sensi-

Table 4 The overall properties of the binary-visibility.

Factor KK SF YY

Modality <0.001** <0.001** <0.001**

Quadrant (T) 0.071 0.026∗ 0.47

Quadrant (I) <0.001** <0.001** <0.001**

Laterality 0.99 0.65 0.60

IOP 0.75 0.89 0.78

Age 0.25 0.65 0.13

The values are p values of logistic regression analysis. Modality is a binary
valuable that takes S-OCT or P-OCT. T and I indicate temporal and inferior
quadrant. For this quadrant analysis, the sensitivity at the nasal quadrant was
used as a reference. Statistical significance is *at p < 0.05 and ** at p < 0.01.

tivity of P-OCT were higher than those of S-OCT, although the
statistical significance was low.

Although there are some reports of preliminary single cases
in which the use of PS-OCT improved the contrast of the tra-
becular meshwork,17, 18 to the best of our knowledge, this is
the first statistical-evidence-based study to prove the enhanced
visibility afforded by by PS-OCT for visualizing the trabecular
meshwork.

The improved visibility can be attributed to the differences
in the appearance of the trabecular meshwork in S- and P-OCT
images. In S-OCT images, the trabecular meshwork appears
as a diffuse hyperscattering region. To identify the trabecular
meshwork in S-OCT images, an observer is required to identify
a relative alteration of the OCT intensity, which is occasion-
ally difficult to determine. In contrast, in P-OCT, the trabec-
ular meshwork appears as a bending fringe pattern, since the
trabecular meshwork is a collagenous tissue, and possesses a
characteristic birefringence, and P-OCT is sensitive to tissue
birefringence. P-OCT visualizes the phase retardation induced
by the tissue birefringence and accumulated along the depth of
the tissue. Therefore, tissues with strong birefringence present a
fringe pattern in the P-OCT image, and this pattern alters along
the depth of the tissue. It is often found that in cross-sectional
P-OCT, a 2-D fringe pattern is bent around a localized bire-
fringent tissue. Note here that this bending of the fringe does
not mean bending of a structure, but a nonuniform cumulative
phase retardation of the OCT probe beam. Similar hypercumu-
lative phase retardation at a point does not necessarily mean the
hyperbirefringence at that point. However, it has been known
that, in particular, a bending fringe is formed at the trabecular
meshwork.17, 18 To identify the trabecular meshwork in P-OCT
images, the observer is required to identify a deformation of a
clearly visualized fringe pattern. Such deformations are easier
to detect and can be more qualitative than the already mentioned
intensity alteration. These properties of P-OCT may explain the
higher intergrader agreement and the improved visibility.

An ANOVA of the score visibility (Table 2) as well as the
logistic-regression analysis of the binary visibility assessments
(Table 4) showed significant interquadrant dependence. Sub-
sequent Wilcoxon signed-rank tests using the score visibility
(Table 3) and Fisher’s exact tests using the binary visibility
(Table 6) showed that there were significant differences
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Table 5 The summary of sensitivities.

Temporal Nasal Inferior

Grader Modality Visible (%) p value Visible (%) p value Visible (%) p value

KK S-OCT 15 (55.6) ** 7 (25.9) 1 (3.7) *

0.0041 0.25 0.050

P-OCT 25 (92.6) 19 (70.3) 7 (25.9)

SF S-OCT 10 (37.0) * 12 (44.4) 1 (3.7)

0.028* 0.17 0.35

P-OCT 19 (70.4) 18 (66.7) 4 (14.8)

YY S-OCT 14 (51.9) 22 (81.5) 3 (11.1)

0.0003** 0.42 0.028*

P-OCT 26 (96.3) 25 (92.6) 11 (40.7)

The “Visible” columns show the numbers of quadrant-images labeled as visible in the binary visibility. The p values are
Fisher’s exact p values. Statistical significance is * at p < 0.05 and ** at p < 0.01.

between the visibilities in the inferior quadrant and the other two
quadrants in both S- and P-OCT images. This difference may
be attributed to the scanning protocol. The images correspond-
ing to the temporal and nasal quadrants were obtained along
the fast-scanning direction of the raster scanning protocol, and
the corresponding acquisition time was 13 ms; in contrast, the
inferior quadrant image was obtained along the slow-scanning
direction, and the corresponding acquisition time was 3.3 s.
This difference in acquisition times resulted in differences in
the effects of subject motion and OCT-phase stability, conse-
quently affecting the image quality. A cross-scanning protocol,
in which horizontal temporal-nasal scan was followed by ver-
tical superior-inferior scan, could reduce this possibly artificial
differences of visibilities.

Although its statistical significance was low, we found an-
other interesting tendency of the visibility scores in the in-
terquadrant analysis (Table 3). In S-OCT images, the average

Table 6 Interquadrant difference in sensitivity obtained by a repre-
sentative grader (KK).

Odds Ratio p Value

S-OCT T – N 0.36 0.15

T – I 30.41 <0.001**

N – I 80.22 <0.001**

P-OCT T – N 1 1.0

T – I 32.50 <0.001**

N – I 32.50 <0.001**

The p values are Fisher’s exact p values. At the “quadrant 1 – quadrant 2,”
row an odds ratio larger than unity indicates that the sensitivity of quadrant 1 is
better than quadrant 2 and vice versa. ** Statistical significance at p < 0.01.

nasal quadrant scores of score visibility recorded by all the
graders were higher than the corresponding scores for the tem-
poral quadrant; in contrast, in the P-OCT images, the average
temporal quadrant scores recorded by all the graders were higher
than the corresponding scores for the nasal quadrant. We ob-
served the same tendency in the sensitivity values (Table 6).
Note here that the interquadrant analysis of the visibility scores
was performed for the data set of the left eyes, while that of
the sensitivity values was performed for the data set of the right
eyes; therefore, these two results are fairly independent of each
other. The already mentioned differences in scanning direction
cannot explain this interquadrant dependence, because the nasal,
and temporal quadrants were simultaneously scanned along the
fast-scanning direction. We hypothesized three reasons, i.e., sys-
tem asymmetricity, tilting of the eye, and tissue asymmetricity,
to explain this interquadrant dependence.

The first scenario is based on a system asymmetricity asso-
ciated with the scanning direction of the fast horizontal scan.
Our PS-OCT system always scans the eye from the 3- to the
9-o’clock position, and this fixed scanning pattern could have
introduced bias in the visibility. If this hypothesis was valid,
the nasal-temporal tendencies between the left and right eyes
would be opposite of each other, because the scanning is per-
formed from the temporal to the nasal quadrant for the left eyes
and from the nasal to the temporal quadrant for the right eyes.
However, additional analyses of the score visibility and binary
visibility of the eyes by interchanging the sides showed the same
tendency observed in the previous analyses, i.e., the nasal quad-
rant was better for S-OCT, and the temporal quadrant was better
for P-OCT. Therefore, we rejected this hypothesis.

The next scenario involved the relative horizontal tilt angle
between the eye and the probe beam. The tilt angle of the eye
may possess a systematic bias, because the human eye is tilted
slightly inward while observing an object. In addition to this
possible tilting, if the trabecular meshwork possesses anisotropic
light-scattering properties, the tilting can induce interquadrant
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(a)

(b) (c) (d)

Fig. 4 Example of birefringence artifact at the angle. (a) Example of an anterior eye segment tomography taken by commercially available CAS-OCT
(CASIA, Tomey Corp., Aichi, Japan), where the arrowheads indicate a dark band surrounding the trabecular meshwork; (b) polarization-independent
intensity OCT, which is created from two channels of polarization sensitive detector of PS-OCT; (c) polarization-dependent intensity OCT, which is
created from a single detection channel; and (d) the corresponding P-OCT. (b), (c), and (d) are created from the same set of complex OCT signals,
which is available as an ISP data set of Ref. 31.

differences. To examine this hypothesis, we measured the tilt
angle directly from the OCT images, where the tilt angle of
the line that connects the angle recesses with reference to the
basal line of the OCT image was regarded as the tilt angle. The
correlation between the tilt angle and the visibility score was
examined by Spearman’s rank-correlation test. However, there
was no significant correlation between the scores recorded by
the three graders, and this second scenario was fairly rejected.

The final scenario is based on the anisotropy of the tissue. A
possible anisotropic optical property of the trabecular meshwork
along the tangential angle may explain the interquadrant differ-
ences. However, to the best of our knowledge, there have been
no studies on the optical properties of the trabecular meshwork.
Since the optical property of the tissue is frequently associ-
ated with the microstructure of the tissue in the wavelength and
subwavelength domains, a study of the optical property of the
trabecular meshwork would be important.

The detection of Schlemm’s canal is an important topic for
anterior eye OCT (Refs. 12 and 33). A dark band structure sur-
rounding the trabecular meshwork was infrequently detected in
the conventional scattering-based AS- and CAS-OCT images, as
exemplified in Fig. 4(a) (arrowheads); this structure was some-
times regarded as a Schlemm’s canal.11, 12 In this study, we found
that the bending fringe pattern of the trabecular meshwork in
P-OCT images was similar in its shape to the dark band struc-
ture in a conventional OCT image. In principle, a standard OCT
does not have any polarization sensitivity. However, it is known
that the OCT signal intensity is altered by the relative differ-
ence in the polarization states of the reference and probe beams,
and this intensity alteration creates an artifact. The similarity of

the bending pattern and the abnormal polarization sensitivity of
OCT suggest that the dark band structure could be an artifact
arising from the birefringence of the trabecular meshwork.

To examine this hypothesis, we created two types of in-
tensity OCT images. One image was obtained by averaging
the intensities of OCT images detected by two PS-OCT po-
larization channels, while the other image was created from a
single detection channel. The first type of image is known to
be polarization independent, while the latter has the mentioned
unauthorized polarization sensitivity and is affected by sample
birefringence. Figure 4(b) is an example of the polarization-
independent OCT image, in which no dark band structure was
observed. Figure 4(c) is the corresponding intensity OCT im-
age constructed from a single detection channel, in which a dark
band structure surrounding the trabecular meshwork was clearly
observed (indicated by arrowheads). Further, the structure of the
dark band is found to clearly correlate with the band structure
in the corresponding P-OCT image [Fig. 4(d)]. On the basis of
this examination, we concluded that the dark band surrounding
the trabecular meshwork does not always represent the actual
structure of Schlemm’s canal; it may occasionally indicate an
artifact arising from the sample birefringence.

An additional artifact observed in Fig. 4(c) is a hyposcatter-
ing region in the sclera, which is indicated by an arrow. Since
this hyposcattering region is not observed in the polarization-
independent OCT image [Fig. 4(b)], we assumed that it is an
artifact generated by the birefringence of the sclera.

The mean sensitivities of trabecular meshwork were 40.7%
for S-OCT, and 65.8% for P-OCT, while it was reported15 that
the sensitivity of scleral spur was found to be 72% with a
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standard anterior eye segment OCT (Visante OCT). Despite this
superior visibility of scleral super by the standard OCT, PS-OCT
still possesses advantages over standard OCT because of the fol-
lowing reasons. First, as mentioned, the visibility of sclera spur
was reported to be 72%. This indicates the scleral spur is still not
detectable for more than a quarter of the population. Additional
contrast of trabecular meshwork provided by P-OCT can further
improve the accuracy of the assessment of anterior angle. Sec-
ond, the trabecular meshwork is a drainage channel of aqueous
humor and hence is a more direct landmark for the assessment
of angle closure than the scleral spur. Finally, however, the most
significant advantage is that the PS-OCT simultaneously ac-
quires P-OCT and S-OCT images. Because of this property,
any angle assessment techniques that have been applied to the
standard OCT are compatible with PS-OCT. Namely, PS-OCT
provides additional information without any loss of information.
Therefore, the angle assessment by PS-OCT has advantages over
that by the standard OCT.

We recently demonstrated PS-OCT-based tissue contrast
tomography.34 Using this tissue contrast tomography, we can
selectively contrast the location of the trabecular meshwork.
This may enable automatic identification of the location of the
trabecular meshwork, and consequently enable fully automated
assessment of the anterior angle in the future.

In conclusion, we compared the visibilities afforded by scat-
tering and phase retardation OCT in visualizing the trabecular
meshwork. The statistical analyses showed a significant im-
provement of visibility in the P-OCT images. This improved
visibility may enable structural parameters that can more di-
rectly assess the risk of ACG than current methods.
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