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Purpose: To assess the diagnostic performance and structure–function association of
retinal retardance (RR), a customized metric measured by a prototype polarization-
sensitive optical coherence tomography (PS-OCT), across various stages of glaucoma.

Methods: This cross-sectional pilot study analyzed 170 eyes from 49 healthy individuals
and 68 patients with glaucoma. The patients underwent PS-OCT imaging and conven-
tional spectral-domain optical coherence tomography (SD-OCT), as well as visual field
(VF) tests. Parameters including RR and retinal nerve fiber layer thickness (RNFLT) were
extracted from identical circumpapillary regions of the fundus. Glaucomatous eyeswere
categorized into early, moderate, or severe stages based on VF mean deviation (MD).
The diagnostic performance of RR and RNFLT in discriminating glaucoma from controls
was assessed using receiver operating characteristic (ROC) curves. Correlations among
VF-MD, RR, and RNFLT were evaluated and compared within different groups of disease
severity.

Results: The diagnostic performance of both RR and RNFLT was comparable for
glaucoma detection (RR AUC = 0.98, RNFLT AUC = 0.97; P = 0.553). RR showed better
structure–function association with VF-MD than RNFLT (RR VF-MD= 0.68, RNFLT VF-MD
= 0.58; z = 1.99; P = 0.047) in glaucoma cases, especially in severe glaucoma, where
the correlation between VF-MD and RR (r = 0.73) was significantly stronger than with
RNFLT (r = 0.43, z = 1.96, P = 0.050). In eyes with early and moderate glaucoma, the
structure–function association was similar when using RNFLT and RR.

Conclusions: RR and RNFLT have similar performance in glaucoma diagnosis. However,
in patientswith glaucoma especially severe glaucoma, RR showed a stronger correlation
with VF test results. Further research is needed to validate RR as an indicator for severe
glaucoma evaluation and to explore the benefits of using PS-OCT in clinical practice.

Translational Relevance:We demonstrated that PS-OCT has the potential to evaluate
the status of RNFL structural damage in eyes with severe glaucoma, which is currently
challenging in clinics.
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Introduction

Regular eye examinations to monitor the disease
progression are an essential part of clinical glaucoma
management. Currently, spectral-domain optical
coherence tomography (SD-OCT) imaging1,2 and
visual field (VF) testing3,4 are standard approaches
to aid glaucoma diagnosis and monitoring struc-
tural and functional damage. SD-OCT provides a
three-dimensional scan of the retina and measures the
thickness of retinal nerve fiber layer (RNFL), thereby
enabling a quantitative evaluation of the degeneration
of retinal ganglion cells.1,2 An SD-OCT scan takes 5 to
10 seconds and is relatively easy to perform; however,
the measurement is prone to segmentation errors due
to the inaccuracy in delineating the boundaries of the
RNFL.5–7 Moreover, as the glaucoma progresses to
advanced stages, the segmentation of the RNFL layer
from retinal intensity B-scans becomes difficult due to
the confounding presence of glial and vascular tissues,
which may compromise the reliability of SD-OCT
evaluation in patients with severe glaucoma.5,8,9 VF
testing is effective in monitoring the progress of severe
glaucoma by measuring regional vision loss across
the entire VF.10 However, VF tests require longer
testing time (several minutes), and the results are less
reliable in patients who are not able to cooperate well,3
leading to variability in the test results.11 Therefore,
additional diagnostic approaches to clinically evaluate
the development and progression of glaucoma are
needed.

Polarization-sensitive optical coherence tomog-
raphy (PS-OCT) imaging extends the contrast of
conventional OCT imaging with the measurement of
tissue birefringence.12–14 Birefringence arises in biolog-
ical tissues where the microstructure is anisotropically
organized (e.g., aligned fibers).13,15 PS-OCT measure-
ments including retardance and depth-resolved
birefringence of the RNFL in healthy human eyes
have been documented.12,15–18 In glaucomatous eyes,
the birefringence of RNFL is expected to be lower
than that in heathy eyes15 due to a disordered RNFL
structure and loss of nerve fibers. Reduction in RNFL
birefringence in glaucomatous eyes has been observed
in a few cases14,15 and recently validated in a clinical
study.15 However, most of these studies assumed that
the loss or change in birefringence occurs before the
loss of RNFL thickness (RNFLT) and accordingly
focused on the potential of PS-OCT as an approach to
detect early glaucoma.14,15,17,19,20 There is a gap in our
understanding regarding the diagnostic performance
of RNFL birefringence in eyes with moderate and
severe glaucoma. Furthermore, the advantages and

disadvantages of utilizing PS-OCT as an indicator for
assessing glaucoma severity in comparison to existing
approaches remain unclear.

In this pilot study, we aimed to assess the poten-
tial of using retinal retardance (RR), a metric derived
from the cumulative birefringence from the surface of
the retina to the retinal pigment epithelium (RPE),
to assess the structural damage in glaucomatous eyes
across various stages of severity. RR is measured by
triple-input PS-OCT,21 a novel modulation configu-
ration of PS-OCT recently developed by our group,
which has an improved sensitivity compared to sequen-
tial dual-input PS-OCT. In contrast to measuring
RNFLT in SD-OCT, PS-OCTmeasurements of retinal
retardance are not influenced by blood vessels, given
their low-birefringent nature. Additionally, the RR
measurement do not require segmentation of the
boundaries of theRNFL, as the low-birefringent layers
of the retina do not contribute to the RR measure-
ment. Based on this, our hypothesis is that RR would
be a more reliable indicator than RNFLT in eyes with
advanced glaucoma. The measurement of RR would
be less prone to measurement errors resulting from
inaccurate RNFL segmentation in advanced glauco-
matous eyes, as observed in conventional SD-OCT.

Methods

Participants

This pilot study adhered to the tenets of the Decla-
ration of Helsinki and was approved by the SingHealth
Centralized Institutional Review Board (reference no.
R1687/10/2020). Prior to enrolment, all participants
gave their written informed consent. From April 21,
2021, to June 15, 2023, we recruited 117 partici-
pants from the Singapore National Eye Center, includ-
ing 49 healthy individuals and 68 patients diagnosed
with glaucoma (summarized in Fig. 1A). All recruited
subjects underwent PS-OCT and SD-OCT scans for
both eyes, but only patients diagnosed with bilateral
glaucoma underwent VF tests.

The diagnosis of glaucoma was established through
a clinical examination that assessed the presence of
glaucomatous optic neuropathywith glaucomatousVF
loss. We classified the severity of glaucoma based on
the mean deviation (MD) of the VF as early stage (MD
≥ −6 dB), moderate stage (−6 dB>MD≥ −12dB), or
severe stage (MD < −12 dB),22 with reliability thresh-
olds for fixation losses set at ≤20% and false positives
and false negatives set at ≤15%.

Our control group consisted of individuals without
glaucoma or any clinically relevant eye conditions
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Figure 1. (A) Diagram summarizing patient recruitment in the pilot study. (B) Intravisit repeatability study. (C) Intervisit repeatability study.
The grouping of glaucoma severity was based on eyes; that is, the two eyes of some subjects were grouped into different groups.

that could affect retinal thickness, such as macular
or vitreoretinal diseases, diabetic retinopathy, age-
related macular degeneration, or other retinopathies.
We excluded participants who showed signs of retinal
or optic neuropathies other than glaucoma, had a
history of retinal surgery or laser treatments, had visual
acuity worse than 6/15, or had systemic diseases that
could influence the retina or visual field. Eyes with non-
glaucomatous optic neuropathies and conditions such
as ocular hypertension were removed from the analy-
sis (14 eyes). Participants self-reported their sex and
ethnicity.

SD-OCT Imaging

SD-OCT imaging was performed using a commer-
cially available CIRRUS HD-OCT 6000 system
(Carl Zeiss Meditec, Dublin, CA) based on the inbuilt
6 × 6-mm2 scan protocol centered on the optic nerve
head. This protocol generates a cube of data through
a 6-mm square grid, acquiring a series of 200 horizon-

tal scan lines each composed of 200 A-scans.23 The
inbuilt software was used to generate the RNFLT map
by measuring the thickness of the RNFL from the
retinal structural images. Simultaneously, a thickness
deviation map was generated to display abnormal
RNFLT less than the lower 95th or 99th percentile of
the normal range at the 6 × 6-mm2 parapapillary area.
Each scan was manually reviewed with Zeiss CIRRUS
HD-OCT Review Software 11.5.1, and six eyes out
of 234 eyes (3%) were excluded due to poor-quality
scans characterized by the presence of segmenta-
tion artifacts, inconsistent signal intensity across a
scan, extremely low signal, or substantial motion
artifacts.

PS-OCT Imaging

The PS-OCT used in this pilot study was recently
developed by our group, and we refer to it as triple-
input PS-OCT,21 and it has demonstrated an improved
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detection sensitivity compared to sequential dual-input
PS-OCT. Briefly, to measure the birefringence of the
retina, a novel triple-state modulator was used to
modulate the probing light into three polarization
states that were mutually orthogonal on the Poincaré
sphere. The triple-input PS-OCT prototype utilized
a swept-source laser (Axsun Technologies, Billerica,
MA) that produces light sweeping at 200 kHz with
a central wavelength of 1060 nm and a sweeping
range of 100 nm, providing a theoretical axial resolu-
tion of 6 μm. The scanning beam diameter at the
pupil was 0.67 mm, providing an optical lateral resolu-
tion of 44 μm and a depth of focus of 2.9 mm
in a typical human eye. The spatial averaging in
the birefringence reconstruction, including filtering of
Stokes vectors and spectral binning,13 reduced the
resolution to 150 μm in the lateral and 30 μm in the
axial directions for birefringence imaging. A raster
scan of the laser spot on the retina was performed
covering an 8 × 8-mm square area centered on the
optic nerve head (ONH) and consisting of 700 × 700
A-lines.

To evaluate the repeatability of the PS-OCT retar-
dance measurement during a single visit, an analysis
was performed involving a subcohort of 21 volunteers;
nine subjects contributed both eyes and 12 subjects
each contributed one eye to the study. This group was
comprised of 13 individuals without glaucoma who
served as normal controls and eight subjects diagnosed
with glaucoma. Specifically, all participants underwent
an additional PS-OCT scan conducted 10minutes after
the initial scan (Fig. 1B).

Moreover, a study was carried out to assess the
consistency of PS-OCT measurements across differ-
ent visits and to investigate the intervisit repeata-
bility of PS-OCT measurements. This investigation
involved 25 eyes from 14 individuals, including six
eyes without glaucoma and 19 eyes from subjects with

glaucoma (10 eyes with early-stage glaucoma, six eyes
with moderate glaucoma, and three eyes with severe
glaucoma). All participants were requested to return
for a follow-up visit 30 days after their initial visit for a
second PS-OCT scan (Fig. 1C).

Before proceeding to data analysis, we manually
checked the PS-OCT scans by previewing the intensity
B-scans using ImageJ (National Institutes of Health,
Bethesda, MD); 39 out of 234 eyes (17%), apart from
the six eyes excluded during the SD-OCT preview, were
excluded due to quality issues characterized by low
image intensity, out-of-range scans, or strong motion
artifacts.

Analysis of Retinal Retardance and RNFLT
Maps

For PS-OCT, the retinal retardance was measured
from cumulative birefringence of the retina extending
from the retinal surface to the RPE layer. Specifically,
a scan volume consisting of 700 × 700 A-lines was
generated by stacking retinal B-scans sequentially. The
en face intensity map was synthesized by an average
projection of the volume data along depth, creating an
image that is similar to a fundus photograph (Fig. 2A).
A customized MATLAB (MathWorks, Natick, MA)
algorithm was developed to detect the surface of the
retina and the RPE layer in each B-scan. The retinal
region was segmented from each B-scan by selecting
the area between the surface of the retina and the RPE
layer. Manual review and corrections were performed
when necessary to ensure a precise segmentation. A
vectorial birefringence map24 was derived and followed
by a summation of the birefringence vectors within the
segmented retinal region along the depth to obtain the
RR en face map (Fig. 2B). Note that, in contrast to
conventional SD-OCT image analysis, the PS-OCTRR

Figure 2. Representative PS-OCT scans of a healthy eye. (A) En face intensity map. (B) En face retinal retardance maps projected from the
retina, which is defined as the tissue between the retinal surface and RPE layer in the PS-OCT scan.
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measurement does not require the segmentation of the
lower boundary of the RNFL.

The extraction of RNFL parameters from RR en
face retardance maps was similar to the algorithm
utilized by the CIRRUS HD-OCT 6000 for analyzing
RNFLT. Specifically, we computed the global RR and
global RNFLT values from the en face maps obtained
from the same annular circumpapillary region under
both PS-OCT and SD-OCT. This annular region had
an inner diameter of 1.2 mm and an outer diameter
of 3.46 mm, centered on the ONH. Additionally, we
divided the circumpapillary region into four quadrants
around the ONH—namely, superior, nasal, inferior,
and temporal. For each quadrant, we calculated the
average retardance and thickness values.

Visual Field

The VF central 24-2 threshold test was performed
using the Zeiss Humphrey Field Analyzer 3 with the
Swedish Interactive Threshold Algorithm (SITA) Fast
algorithm.25 The average testing time for each eye was
around 3 to 5 minutes, after which the visual field mean
deviation (VF-MD) was extracted from the generated
single field analysis report.26

Statistical Analysis

Age and axial length were compared between
normal controls and the glaucoma groups using the
Mann–Whitney U test, and sex was compared using
the χ2 test. The diagnostic metrics were adjusted for
age, axial length, gender, and inter-eye correlation
using a generalized estimating equation when calculat-
ing the association between the metrics and severity
of glaucoma.27,28 The repeatability of retardance
measurements was analyzed using Bland–Altman
plots, and correlations between the first and second
measurements were further assessed by the intraclass
correlation coefficient (ICC). Correlation analyses,
including repeatability among retardance measure-
ments, RR versus RNFLT, VF-MD versus RR, and
RNFLTwere conducted using Spearman’s correlation.
Receiver operating characteristic (ROC) curves were
used to evaluate the performance of RNFLT and

RR values as the diagnostic parameters for glaucoma
detection. Performance calculations of both metrics
were also adjusted for age, axial length, and gender
by simultaneously including the confounder variables
as predictors in a logistic regression model.27 The
evaluation metrics for glaucoma detection were the
area under the ROC curve (AUC), sensitivity, and
specificity. To adjust for intra-eye correlations, 95%
confidence intervals (CIs) were generated after
bootstrapping. Differences in AUCs between diagnos-
tic parameters were compared by two-sided Delong
tests.29 The correlation analyses of VF-MD with RR
and RNFLT were statistically compared by Fisher’s
r-to-z transformation.30 All statistical analyses were
performed using MATLAB.

Results

After quality assessment and data selection, the
analysis involved a total of 170 eyes, including 80 eyes
from 49 normal controls and 90 eyes from 68 patients
with primary open-angle glaucoma (43 early glaucoma
eyes, 27 moderate glaucoma eyes, and 20 severe
glaucoma eyes). We found that there was a statistically
significant difference in age and gender between the
normal control and glaucoma groups (Table 1). The
normal control group had a younger mean age of 43 ±
16 years, whereas the glaucoma patients had an older
mean age of 67 ± 9 years (P < 0.001). Additionally,
the normal control group had a lower percentage of
male subjects (37%) compared to the glaucoma group
(63%). Furthermore, there was a statistically significant
difference in the axial length of the eyes in both groups,
as eyes in the normal control group (axial length =
25.12 mm) were slightly longer than the glaucomatous
eyes (24.47mm) in the analysis (P< 0.05). In the subse-
quent analysis, we accounted for the potential influence
of age, axial length, and gender by adjusting for these
variables.

During the repeatability test conducted on 30 eyes,
the PS-OCT demonstrated excellent repeatability
in global circumpapillary regions, as well as the
quadrants, with a strong Spearman’s correlation
coefficient of r = 0.94 (r = 0.80 for normal controls

Table 1. Characteristics of Subjects and Eyes Included in the Pilot Study

Normal Controls (n = 49) Glaucoma Participants (n = 68) P

Age (yr), mean (SD) 42.12 (15.67) 66.04 (8.46) <0.001
Male gender, n (%) 18 (37) 43 (63) <0.001

Boldface values indicate statistical significance at P < 0.05.
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Figure 3. Intravisit repeatability test of the PS-OCT system. (A, B) En face intensity maps of two PS-OCT scans of the right eye of a healthy
subject with a 10-minute interval. (C, D) Corresponding en face retardance maps. The retinal retardance value is calculated as the average
value of a circumpapillary annular region enclosed by white dotted lines in (D). The circumpapillary annular was defined by an inner radius
of 0.6 mm and an outer radius of 1.73 mm. (E) Bland–Altman plot of the repetitive retinal retardance measurements. (F) Scatterplot of the
repetitive retinal retardance measurements (n = 30 eyes, r = 0.94, P < 0.001; normal controls: n = 19 eyes, r = 0.80, P < 0.001; glaucoma
subjects: n = 11 eyes, r = 0.97, P < 0.001). ICC = 0.98 (95% CI, 0.96–0.99).

and r = 0.97 for glaucoma subjects). The repeatability
in the RR measurements was further confirmed by
repetitive measurements falling within a narrow range
of 0.1° (with a SD of 0.68°, within 0.6% of the mean
retardance value) as shown in the Bland–Altman plot
(Fig. 3, Table 2), and a high ICC = 0.98.

To ensure the reliability of PS-OCT measurements
across different visits of a subject, we performed an
intervisit repeatability assessment involving 25 eyes
comparing measurements from two clinical visits
acquired within an interval of 30 days. The retar-
dance measurements displayed high repeatability with
a Spearman’s correlation coefficient of r = 0.92 and a
high ICC = 0.94 (Fig. 4, Table 2).

As expected, we found that both RR and RNFLT
were significantly lower for the glaucoma group than
the normal control group (global RR: normal = 10.92
± 1.85° and glaucoma= 5.93± 1.51°,P< 0.001; global
RNFLT: normal = 96.68 ± 10.74 μm and glaucoma
= 67.4 ± 10.50 μm, P < 0.001) (Table 3). Further-

more, we observed a strong correlation between the two
parameters across all of the eyes (r = 0.94, P < 0.001)
(Fig. 5).

We also compared the diagnostic performance of
RR and RNFLT in terms of AUC as a classifier with
and without adjusting for age, gender, and axial length.
Overall, both metrics had similar diagnostic perfor-
mance in univariate models (RRAUC = 0.98; RNFLT
AUC = 0.97; P = 0.553) and multivariate models
(RR AUC = 0.99; RNFLT AUC = 0.99; P = 0.737)
(Table 4).

Upon inspection of the RR map from PS-OCT,
RNFLT measurements and thickness deviation maps
from SD-OCT, and the VF-MD (Fig. 6), we found that
in eyes with severe glaucoma blood vessel patterns were
discernible in the RNFLTmap but were notably absent
in the retinal retardance map (Figs. 6C, 6F). Further-
more, we extracted virtual circular B-scans (beginning
at the superotemporal quadrant, as shown in Fig. 6C)
centered at the ONH with a diameter of 3.5 mm
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Table 2. Repeatability Assessment for Intrasubject Retardance Measurements

Spearman’s Correlation Coefficient (r) P ICC (95% CI)

Intravisit repeatability analysis performed on the same day, 10 minutes apart (n = 30 eyes); n = 19 for normal
control and n = 11 for glaucoma (early glaucoma, n = 8; moderate glaucoma, n = 1; severe glaucoma, n = 2)

Global 0.94 <0.001 0.98 (0.96–0.99)
Superior quadrant 0.97 <0.001 0.99 (0.98–0.99)
Nasal quadrant 0.94 <0.001 0.92 (0.84–0.96)
Inferior quadrant 0.96 <0.001 0.99 (0.98–1.00)
Temporal quadrant 0.91 <0.001 0.92 (0.83–0.96)

Intervisit repeatability analysis performed 1 month apart (n = 25 eyes); n = 6 for normal controls and n = 19 for
glaucoma (early glaucoma, n = 10; moderate glaucoma, n = 6; severe glaucoma, n = 3)

Global 0.92 <0.001 0.94 (0.87–0.97)
Superior quadrant 0.91 <0.001 0.92 (0.82–0.96)
Nasal quadrant 0.74 <0.001 0.87 (0.72–0.94)
Inferior quadrant 0.90 <0.001 0.88 (0.75–0.95)
Temporal quadrant 0.75 <0.001 0.79 (0.58–0.90)

(Fig. 7) of an eye with severe glaucoma and a normal
control eye. Apart from the noticeable RNFL thinning,
the scans indicated that retinal blood vessels extended
beyond the upper RNFL surface in the glaucomatous
eye, making precise RNFL layer segmentation difficult
and consequently affecting the reliability of RNFLT
measurement. However, from the distribution of retar-
dance in the scan, it is evident that the retinal blood
vessels show low retardance, as they are low birefrin-
gent in nature and are less likely to affect the RR
measurement.

To assess the structure–function association in
various glaucoma groups, we analyzed the correla-
tion between VF-MD and RR or RNFLT in univari-
ate models and multivariate models adjusted for age,
gender, and axial length (Table 5). Pooling together
eyes in all groups of disease stages, we found that
both RR and RNFLT exhibited significant correla-
tions with VF-MD (Figs. 8A, 8B), with RR exhibit-
ing a stronger correlation with VF-MD than RNFLT
(z = 1.99, P = 0.047). In contrast, in the group of early
glaucoma, RNFLT and RR both showed low correla-
tion coefficients (not statistically significant) with VF-
MD in both univariate (Figs. 8C1, 8D1) and multivari-
ate models. Within the groups of moderate and severe
glaucoma, the correlation between RNFLT and RR is
less significant than that in the early glaucoma group.
However, both RR and RNFLT exhibited significant
correlations with VF-MD (Figs. 8C2, 8C3, 8D2, 8D3).
In eyes with severe glaucoma, RR exhibited a
statistically significant higher correlation with VF-
MD than RNFLT (z = 1.96, P = 0.0496), which
suggests that RR could be a more reliable indica-

tor for the status of RNFL damage in advanced
glaucoma.

Discussion

In this pilot study, we assessed the diagnostic perfor-
mance of the RRmeasured by PS-OCT and compared
the results with the standard RNFLT. We found that
PS-OCT can provide reliable and repeatable measure-
ments of RR in both normal and glaucoma subjects.
Furthermore, we observed that both RR and RNFLT
exhibit similar diagnostic performance for detecting
glaucoma. We also discovered that RR in severe
glaucoma demonstrated a stronger correlation with
VF-MD than RNFLT, indicating that it may be less
affected by RNFL segmentation errors. Specifically,
the RNFLT thickness might be prone to inaccurate
measurement over vessel regions31 when the RNFL is
thin in severe glaucoma.5,8,9 Although a longitudinal
study involving subjects with severe glaucoma would
be necessary to further validate our observations, the
results here show the potential of PS-OCT to provide
a more accurate evaluation of disease progression in
patients with severe glaucoma.

Previous PS-OCT–based studies have reported
reductions in RNFL birefringence of eyes with
glaucoma in a single case,17,19 multiple cases,14,20 and a
cohort of subjects.15 To the best of our knowledge, our
report is the first cohort study to include patients with
all stages of glaucoma and that analyzed the diagnos-
tic performance of RR within groups of different
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Figure 4. Intervisit repeatability test of the PS-OCT system. (A, B) En face intensity and retardance maps of two PS-OCT scans of a healthy
eye (A) and an eye with early glaucoma (B) taken across two visits 30 days apart. (C) Bland–Altman plot of the repetitive retinal retardance
measurements. (D) Scatterplot of the repetitive retinal retardance measurements (n = 25 eyes, r = 0.92, P < 0.001). ICC = 0.94 (95% CI,
0.87–0.97).

Table 3. Comparison of Diagnostic Parameters Between Normal Controls and Participants With Glaucoma

Mean (SD)

Normal Controls Glaucoma Participants
(n = 80) (n = 90) P

Global
RR (°) 10.92 (1.85) 5.93 (1.51) <0.001
RNFLT (μm) 96.68 (10.74) 67.4 (10.50) <0.001

Superior quadrant
RR (°) 16.71 (2.85) 8.27 (3.03) <0.001
RNFLT (μm) 119.34 (24.72) 77.17 (16.07) <0.001

Inferior quadrant
RR (°) 16.12 (2.73) 7.27 (3.06) <0.001
RNFLT (μm) 123.16 (18.09) 73.31 (19.32) <0.001
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Figure 5. RNFLT as measured by SD-OCT (ZEISS CIRRUS) versus RR as measured by PS-OCT. (A) Representative en face intensity map of a
healthy eye measured by SD-OCT. (B) En face intensity map of the same eye measured by PS-OCT. (C) RNFLT map measured by SD-OCT.
(D) En face retardance map measured by PS-OCT. (E) Correlation between average RNFLT measured by SD-OCT (ZEISS CIRRUS) and RR
measured by PS-OCT (n = 170, r = 0.94, P < 0.001).

Table 4. Diagnostic Performance of Retinal Retardance and Thickness in Discrimination of Glaucoma

Parameter AUC (95% CI) Sensitivity at ≥95% Specificity P

Univariate analysis
All glaucoma vs. normal controls
Global RR (°) 0.98 (0.95–0.99) 93 0.553
Global RNFLT (μm) 0.97 (0.94–0.99) 93

Early glaucoma vs. normal controls
Global RR (°) 0.96 (0.91–0.98) 88 0.590
Global RNFLT (μm) 0.95 (0.89–0.98) 88

Moderate glaucoma vs. normal controls
Global RR (°) 0.99 (0.97–1.00) 96 0.454
Global RNFLT (μm) 0.98 (0.95–1.00) 81

Severe glaucoma vs. normal controls
Global RR (°) 1.00 (1.00–1.00) 100 0.999
Global RNFLT (μm) 1.00 (1.00–1.00) 100

Multivariate analysis (adjusted for age, gender, and axial length)
All glaucoma vs. normal controls
Global RR (°) 0.99 (0.97–1.00) 93 0.737
Global RNFLT (μm) 0.99 (0.97–0.99) 92

Early glaucoma vs. normal controls
Global RR (°) 0.98 (0.95–0.99) 86 0.788
Global RNFLT (μm) 0.97 (0.94–0.99) 88

Moderate glaucoma vs. normal controls
Global RR (°) 1.00 (0.99–1.00) 100 0.479
Global RNFLT (μm) 0.99 (0.98–0.1.00) 93

Severe glaucoma vs. normal controls
Global RR (°) 1.00 (1.00–1.00) 100 0.999
Global RNFLT (μm) 1.00 (1.00–1.00) 100
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Figure 6. Comparison of VF-MD, RNFLT, and RR. (A–C) Representative examples of retardance en face maps from an early glaucoma eye
withMD= −4.26 dB (A), moderate glaucoma eyewithMD= −6.23 dB (B), and a severe glaucoma eyewithMD= −14.80 dB (C). (D–F) RNFLT
en face maps of the corresponding eyes. (G–I) RNFLT deviation maps. (J–L) Results from the VF central 24-2 threshold test. (M–O) PS-OCT
intensity, PS-OCT retardance, and SD-OCT thickness maps focused on a small area indicted by red boxes (C, F) in a severe glaucomatous eye.
The retinal vascular structures within the RNFL layer can be discerned from the thickness measurement. In contrast, in the RR map (C, N),
the retinal vascular structures cannot be observed and do not contribute to the RR measurement. The circular region in (C) indicates the
direction of the virtual B-scan.

glaucoma severity, in the context of results obtained
from other existing diagnostic methods including
SD-OCT and VF tests. In principle, the retardance
measured by PS-OCT is closely related to the measure-
mentmade by scanning laser polarimetry,17 also known
as GDx, as both modalities measure the cumulative
retardance of RNFL. The diagnostic performance
of RR in this pilot study is consistent with previous
reports of GDx, which have reported similar32 but

slightly lower AUCs33 than SD-OCT. Of note, in some
early reports, the RNFL retardance as measured by
GDx was regarded as the RNFLT under the assump-
tion of a constant local birefringence; however, this
assumption was proved invalid by PS-OCT, as the local
birefringence in RNFL was significantly lower in eyes
with glaucoma than in healthy ones.15,20 Compared
to GDx, PS-OCT provides three-dimensional imaging
of the retina and excludes the light backscat-
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Figure 7. (A, B) Virtual circular B-scans of an eye with severe glaucoma (A) and a normal control eye (B) extracted around the optic nerve
head at 3.5-mmdiameter starting at the superotemporal region. A closer look at the superior, nasal, and inferior regions of the retina reveals
that, in severe glaucoma, along with the apparent thinning of the RNFL layer compared to normal controls the retinal blood vessels extend
beyond the RNFL floor, compromising the reliability of the segmentation of the RNFL floor. The red and orange lines indicate the bound-
aries of segmentation for RR measurement, and the red and blue lines indicate the bounds of segmentation for RNFLT measurement. (C, D)
Distribution of retardance in the retinal layers of an eye with severe glaucoma and normal control, respectively. (E) RR–RNFLT plot. This plot
reveals peaks in the thickness measurement of the severe glaucoma eye influenced by the blood vessels.

tered from the choroid and sclera, thus providing
more reliable information on the RNFL properties
than the two-dimensional measurement made by
GDx.34

It has been speculated that PS-OCT may help
diagnose early glaucoma under the assumption that
a loss of birefringence may occur before the change
of thickness in RNFL.12,15 Our current results do
not support this speculation because we observed
that the RNFLT and RR exhibited similar diagnos-
tic performance in eyes with early glaucoma. This

finding still requires further investigation, as we used
VF-MD to classify early glaucoma in this pilot study.
VF testing may not be sensitive to early glaucoma,
as the vision may not be affected until more than
20% to 40% of ganglion cells have been damaged.26,35
The birefringence properties of RNFL in an earlier
stage of glaucoma before detectable VF loss was not
assessed in this pilot study. In addition, in this pilot
study only the total retardance projected from the
retinal surface to RPE was assessed for its diagnos-
tic performance and structure–function correlation,
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as the depth-resolved birefringence of RNFL did
not serve as an effective indicator in moderate and
severe glaucoma cases in comparison with retinal
retardance.

The pilot study has certain limitations that should
be considered when interpreting the results. First, it
has been reported that age-related RNFL loss can
be difficult to differentiate from glaucomatous RNFL
thinning.36 Therefore, the AUCs of the diagnostic
metrics reported in our study are likely to be affected by
age, given that the glaucoma subjects were significantly
older than the normal controls.36 To mitigate this issue,
we adjusted for the potential confounding effect of age
by including it as an independent variable in the analy-
sis, thus ensuring that our observed effects were not
solely due to the influence of aging. Second, the limited
sample size has led to relatively large uncertainty in
the diagnostic performance analysis of this pilot study
and highlights the needs for future studies with larger
cohorts to validate our initial observations. Validat-
ing PS-OCT tomonitor glaucoma progression requires
more evidence from a longitudinal study on a severe
glaucoma population. Third, a relatively large portion
of data (19%, due to low-quality scans from PS-OCT
and SD-OCT) was excluded due to positioning issues
and motion artifacts because the PS-OCT prototype
used in this pilot study lacked standard alignment-
aiding techniques, including fundus preview, automatic
depth positioning unit, and retina motion tracker.
Also, the comparison of RR andRNFLTwas based on
measurements from two different devices, which may
introduce measurement variations due to differences
in scanning areas, sampling parameters, surface detec-
tion algorithms, laser wavelengths, and optics used for
imaging. Future studies will consider these factors and
match the imaging parameters between devices under
comparison.

Finally, we utilized single-visit VF tests in our analy-
sis, supported by reliable scans with a low percent-
age of fixation losses and false negatives (<15%).
Yet, it is acknowledged that this approach may intro-
duce variability, particularly in cases of moderate to
severe glaucoma.11 Future investigations incorporating
larger cohorts and follow-up visits are recommended
to ensure more robust and conclusive outcomes.
Moreover, the observed nonlinear relationship between
retinal retardance and VF-MD prompts further explo-
ration into the implications of birefringent properties
and their spatial dependency.

In conclusion, PS-OCT shows promising results
as a potential tool for monitoring the progression of
glaucoma, warranting further large-scale, longitudinal
studies.
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Figure 8. Correlation analysis of RR, RNFLT, and VF-MD in all glaucoma subjects and groups of early, moderate, and severe glaucoma. (A)
Correlation between VF-MD and RR in all glaucoma subjects (r= 0.68, P< 0.001). (B) Correlation between VF-MD and RNFLT in all glaucoma
subjects (r = 0.58, P < 0.001). (C1–C3) Correlation between VF-MD and RR in early (r = 0.22, P = 0.146), moderate (r = 0.55, P = 0.003), and
severe glaucoma (r = 0.73, P < 0.001) groups. (D1–D3) Correlation between VF-MD and RNFLT in early (r = 0.14, P = 0.360), moderate (r =
0.66, P < 0.001), and severe glaucoma (r = 0.43, P = 0.061) groups. The dashed lines on the plots represent the lines of best fit.
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