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Abstract

We present measurements of depolarization introduced by the retinal pigment epithelium
(RPE) over a 45° field of view using polarization sensitive optical coherence tomography. A
detailed spatial distribution analysis of depolarization caused by the RPE is presented in a
total of 153 subjects including both healthy and diseased eyes. Age and sex related differ-
ences in the depolarizing character of the RPE are investigated.

Introduction

The retinal pigment epithelium (RPE) is a pigmented mono-cellular layer located anterior to
the choroid and posterior to the neural retina. Together with the neural retina, the RPE is part
of the retina, and the melanin therein contained protects ocular cells by absorbing light and
acting as an anti-oxidant [1]. In addition, the RPE supports the metabolism of the entire retina
and is responsible for the phagocytosis of the photoreceptor outer segment membrane disks
that are potentially harmed by photo-oxidative stress [2,3]. It could be shown that RPE dys-
function leads to photoreceptor dysfunction and finally to a loss of vision [1]. This dysfunction
has been linked to retinal diseases such as age-related macular degeneration [4].

The RPE can be visualized non-invasively and in vivo by using optical coherence tomogra-
phy (OCT), where it appears in cross sectional images of the retina as strongly backscattering
layer [5,6]. These images can be used for a detection of anomalies in the RPE. However, con-
ventional OCT doesn’t always allow for clear distinction between the boundaries of the RPE
and other strongly reflecting layers nearby, such as the interdigitation zone of the interface
between cone photoreceptors and the RPE (or end tips of photoreceptors), and the boundary
between inner and outer photoreceptor segments. More specifically, if the RPE is disrupted
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due to a retinal disease, the position and appearance might change, making it difficult to sepa-
rate it from other structures such as for example sub-retinal hyper-reflective material (SHRM)
[7]. However, pigments such as melanin that are contained in the RPE cells have the property
to depolarize backscattered light while other outer retinal layers such as the photoreceptor lay-
ers are mainly polarization preserving. A differentiation between these retinal tissue properties
can be performed by polarization-sensitive (PS) OCT [8,9], which represents a functional
extension of the standard OCT technique and allows for a clear and selective visualization of
RPE tissue [10-16]. In vitro studies have shown that the amount of depolarization caused by
melanin depends on its concentration [17,18].

Depolarizing tissue can be characterized by quantifying local fluctuations of the measured
polarization state returning from the depolarizing tissue. This can be done by calculating a
measure that is related to the classical degree of polarization: the degree of polarization unifor-
mity (DOPU) [19]. DOPU is a unit-less value between 0 and 1, where strongly depolarizing tis-
sues have low DOPU values while polarization preserving tissues have DOPU values close to 1.
As DOPU depends on the input polarization state that is not always known in various
PS-OCT instrumentations, other metrics such as depolarization index [20] or entropy [18]
have been introduced as well to describe the depolarizing character of tissue.

Previous studies have shown in a limited field of view that the depolarizing capability of the
RPE in healthy eyes varies with retinal location such that depolarization is strongest in the
macula area (excluding the foveola) and decreases towards the periphery [21,22]. At the
foveola, depolarization appeared to be less strong than in the surrounding macular area [22].
The varying depolarization strength might be explained by the RPE’s anatomy: RPE cells in
the macular area are taller and narrower, and therefore melanin pigments are packed more
densely in this region, causing a higher local melanin concentration [23]. Furthermore, it was
recently shown that in an Asian population, the RPE becomes more depolarizing with increas-
ing age [21], possibly due to a change of pigmentation concentration with age [24,25].

In the present work, we expand previous spatial depolarization studies of the RPE to a
larger field of view, equivalent to the size of a standard (45°) fundus photography and a larger
(Caucasian) study population, spanning several decades of age. For the first time, we include
diseased (glaucomatous) eyes into the analysis, where glaucoma is a group of neurodegenera-
tive diseases progressively leading to retinal ganglion cell death, causing vision loss [26].
Finally, we present a detailed spatial distribution of depolarization caused by the RPE and pro-
vide an investigation of possible age and sex related changes in the depolarizing character of
the RPE.

Methods
PS-OCT imaging

PS-OCT data was recorded with a custom-built spectral domain PS-OCT system based on a
Michelson interferometer using polarization maintaining (PM) fibers and a single, circular
polarized input state that is incident onto the eye [27]. The system comprises an integrated ret-
inal tracker using line scanning laser ophthalmoscopy (LSLO) to correct for involuntary eye
movements. The OCT sampling beam is generated by a superluminescent diode with a center
wavelength of 860 nm, a bandwidth of 60 nm, and an A-scan rate of 70 kHz. At the same time,
the retina is scanned at 60 Hz with a line-shaped LSLO beam with a wavelength of 786 nm and
a beam power of 0.7 mW [27]. To fulfill laser safety regulations for the combined beams [28],
the OCT beam is kept at a power of 0.5 mW. The system attains an axial resolution of 4.2 ym
in tissue, a lateral resolution of ~20 pum, and a sensitivity of 98 dB [27].
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Fig 1. Illustration of the used scanning pattern showing seven distinct imaging positions (sub-fields). Each subject
was measured three times each at seven distinct positions. The resulting 21 datasets were combined to a large field,
noise reduced dataset.

https://doi.org/10.1371/journal.pone.0278679.9001

Each subject was imaged three times (on two different study days), each at seven distinct
positions (sub-fields): one centered at the macula and six evenly distributed around the mac-
ula, resulting in 21 volume datasets in total per subject (cf. Fig 1) [29]. Each of the 21 datasets
consists of 250 B-scans comprising 1024 A-scans and covers a region of size 28° (x) by 21° (y),
corresponding to an area of 8 x 6 mm? on the retina in a standard eye. Acquisition time of a
single dataset was 4.5 s. The 21 datasets recorded in each subject were then combined to a
large field, noise reduced dataset, as described below.

Subjects

105 eyes of 105 healthy volunteers of age 50.1 + 16.6 years (mean + SD, range: 21.1 to 78.9
years) were included into the study. 58 of the healthy volunteers were female, 47 were male. In
addition, 48 patients with glaucoma at an early stage with the following subtypes were
included: primary open angle glaucoma (40 patients), pseudoexfolliative glaucoma (3
patients), juvenile glaucoma (2 patients), pigmentary glaucoma (2 patients), and chronic angle
closure glaucoma (1 patient). Patients and healthy volunteers were screened and included in
this study by glaucoma specialists of the Medical University of Vienna. Early glaucoma was
defined in our patients as glaucomatous appearance of the optic nerve head and repeated
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pathologic 24-2 visual field tests with a mean deviation of —6 dB or better. Patients with evi-
dence of other ocular disease were not included in our analysis. The included patients’ age ran-
ged from 39.9 to 78.4 years (on average: 63.1 £ 9.9 years), 28 of them were female and 20 were
male. This study was approved by the local ethics committee (approval number: EK-Nr. 1673/
2017), adhered to the tenets of the Declaration of Helsinki and written informed consent was
obtained from all participants.

Data analysis

Standard processing of spectral domain 3D PS-OCT data. The two channels of the
PS-OCT instrument recorded OCT data for each of the 250 B-scans per dataset. This data was
processed using a standard protocol of spectral domain volume data processing to yield ampli-
tude and phase of the corresponding OCT signals, from which PS-OCT data (retardation,
DOPU, Stokes vectors) are derived. The processing includes the compensation of PM fiber
length mismatch, as described earlier [30]. In each B-scan, pixels with intensity values below
two times the intensity noise level were excluded and then, Stokes vectors were calculated
from the OCT amplitude and phase data. DOPU values were computed as described in previ-
ous work [19] using a kernel size of 10 x 10 pixels (corresponding to approximately 20 um
[axial] x 78 pm [lateral]). For intra-retinal layer segmentation, a graph-based segmentation
method (The Iowa Reference Algorithms, Retinal Image Analysis Lab, Iowa Institute for Bio-
medical Imaging, Iowa City, IA) [31,32], was used.

Calculation of large field of view depolarization maps. From the layer segmentation
mentioned above we retrieved a segmentation for the RPE. Since this algorithm only considers
the intensity data, the output segmentation lines might jump to other hyper-reflective areas
and therefore yield erroneous segmentation results. Thus, the segmentation line of the RPE is
corrected as follows: since the RPE is depolarizing, we assume that for each A-scan, the pixel
within the DOPU image at the location of the RPE segmentation line has a low (< 0.6) DOPU
value. Therefore, we determine batches of one or more consecutive pixels with low DOPU
value in that A-scan, and select the batch that is closest to the segmentation line found by the
algorithm. Because the DOPU value of a certain pixel is basically an average of its surround-
ings, the boundaries of the RPE might show a slightly higher DOPU value than the center of
the RPE. Thus, we set the corrected segmentation line point within an A-scan to the position
of the minimum DOPU value within the selected batch, assuming that this corresponds to the
center of the RPE.

Having determined the location of the RPE, the DOPU value at the RPE segmentation line
is extracted for the generation of depolarization en-face maps. In total, three sets (measure-
ments) of en-face maps (sub-fields) from seven different retinal locations are obtained per sub-
ject. To reduce noise, the three measurements (maps) for each of the seven sub-fields are
averaged. From the resulting averaged maps, a large field of view en-face map (covering ~45°,
comparable to a standard fundus photography) was generated using a stitching algorithm that
registers the maps against a reference fundus image and fuses them seamlessly [29]. Due to
artifacts caused by the ONH, values in a radius of 140 pixels (~1.1 mm) around the center of
the ONH were excluded.

Calculation of spatial depolarization distribution. To provide a quantitative compari-
son between healthy and glaucomatous subjects, ages and sexes across various retinal loca-
tions, a grid centered at the fovea was placed on the large field of view maps (cf. Fig 2). The
grid was inspired by the chart proposed by the Early Treatment of Diabetic Retinopathy Study
(ETDRS) [33] and was extended to accommodate both the larger field of view and the substan-
tial variation of DOPU close to the fovea. It consists of an inner circle with a diameter of 0.5
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Fig 2. Depolarization caused by the RPE visualized by DOPU, averaged over 105 healthy volunteers (a) and 48 glaucoma patients (b), respectively. The grids
are centered at the fovea and the diameter of the innermost circle (A) is 0.5 mm. The outer diameters of the surrounding rings (center to periphery: B, C, D, E,
F,and G) are 1, 2, 3, 6, 9, and 12 mm, respectively. The sectors are numbered from 1 to 8. The color scheme corresponds to DOPU (low DOPU value [blue
color] indicates strong depolarization), with gray indicating locations that have been excluded from the analysis.

https://doi.org/10.1371/journal.pone.0278679.9g002

mm, surrounded by six rings with diameters of 1, 2, 3, 6, 9, and 12 mm. The rings are equally
divided into 8 sectors, resulting in 49 field locations in the grid. For each field location of the
grid, mean DOPU values and standard errors were calculated.

Results

Average DOPU en-face maps of all healthy volunteers and glaucoma patients, centered at the
fovea, are shown in Fig 2(A) and 2(B), respectively. In both cases, the depolarization is stron-
gest (DOPU is smallest) in the two rings around the center of the fovea (rings B and C), with a
slightly weaker depolarization at the center of the fovea (ring A).

Towards the periphery, the depolarization strength decreases. This pattern is similar in
healthy subjects and glaucoma patients, but in general, depolarization seems to be slightly
more pronounced in glaucoma patients. However, this might be explained by the age differ-
ence between the two groups. Therefore, healthy subjects younger than 39 years were excluded
for the following analysis (Fig 3(A)), since there were no age-matched glaucoma patients in
our study group. In Fig 3(A), the mean values per grid location across the 76 healthy volunteers
aged 39 years or older (green) and across all glaucoma patients (orange) were calculated and
displayed in bar charts per sector. The leftmost bar (ring A) corresponds to the central circle
and the error bars to the standard error. The green or orange line above two neighboring bars
signifies that the difference between those two bars is statistically significant (Student’s t-test at
5% significance level) for the healthy volunteers or the glaucoma patients, respectively. Mini-
mum DOPU (strongest depolarization), ranging between 0.31 and 0.39, was reached in the
innermost rings next to the central circle (rings B, C), the weakest depolarization (DOPU ~
0.52) can be observed in the outermost ring (G). With a few exceptions, neighboring rings
appear to be significantly different from each other. An asterisk above a bar group indicates
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Fig 3. Quantitative analysis of DOPU values for different retinal locations. Each column represents averaged DOPU
values for every ring per sector of the grid defined in Fig 2. A denotes the circle at the center, G the outermost ring. The
error bars correspond to the standard error across subjects. The color-coded horizontal lines above two neighboring bars
indicate that the differences between these fields are significant at 5%. (a) Average over 76 healthy volunteers (green) and
over 48 glaucoma patients (orange). All subjects were 39 years old or older. An asterisk above a group of bars indicates that
the difference between healthy volunteers and glaucoma patients in this field is significant at 5%. (b) Average over 58
female healthy volunteers (turquoise) and 47 male healthy volunteers (yellow). In no field location the difference between
female and male was significant at 5%.

https://doi.org/10.1371/journal.pone.0278679.9003
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that healthy volunteers and glaucoma patients are significantly different at 5% in this field.
With a few exceptions in ring D, the difference between healthy volunteers and glaucoma
patients is not significant.

Fig 3(B) shows the average DOPU of healthy volunteers, separated by sex (turquoise:
female, yellow: male). Again, the colored lines above neighboring bars indicate statistical sig-
nificance at 5% for these fields, which is the case for most of the pairs. Comparing sexes, the
differences between female and male weren’t significant for any field location.

Fig 4(A) and 4(B) show depolarization maps averaged per decade of age for healthy volun-
teers and glaucoma patients, respectively. It can be observed that DOPU decreases across the
entire field of view with age (depolarization strength increases). A more detailed analysis is
presented in Fig 5: for each ring (and the center circle), an average DOPU was calculated for
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Fig 4. DOPU en-face maps in a large field of view of healthy volunteers (a) and glaucoma patients (b), for different age groups. The number N of participants
per map is depicted in the heading. The color values correspond to DOPU (low values: Strong depolarization), gray values indicate pixels that have been
omitted from the calculation.

https://doi.org/10.1371/journal.pone.0278679.9g004

each subject and plotted against the age of the subject. Healthy volunteers are displayed in
green, glaucoma patients in orange. Female participants are represented with a triangle, male
participants with a star. For healthy and glaucomatous subjects as well as for the subset of
healthy volunteers older than 39 years individually, linear regression lines and the correspond-
ing coefficients of determination (R% and slopes (s) were calculated. The plot shows that with
increasing age, DOPU decreases (depolarization strength increases), but there is a high vari-
ability for both healthy volunteers and glaucoma patients. The decrease in DOPU with age is
similar for all rings and there is no significant difference between healthy and glaucoma
subjects.

Discussion

It has been shown that the RPE is depolarizing [10] and that its depolarization capability varies
across the retinal location in the macula [21,22] and is distorted in myopia [34]. Thereby, the
amount of depolarization depends on the age of the subjects as has recently been shown for an
Asian study group [21]. We extended these previous findings in several ways.
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Fig 5. DOPU plotted against the age of the participants for each ring of the evaluation grid in Fig 2. Healthy
volunteers are plotted in green (N = 105), glaucoma patients in orange (N = 48). Female participants are represented
with a triangle, male participants with a star. For the healthy volunteers aged 39 years or older (bold) and glaucoma
patients (bold) as well as for the healthy volunteers of all ages (normal), linear regression lines were plotted and the
coefficients of determination (R?) and slopes (s) were calculated. On the right-hand side of each plot, the p-value of

Student’s unpaired t-test between healthy volunteers and glaucoma patients is displayed.

https://doi.org/10.1371/journal.pone.0278679.g005

First, a larger field of view was investigated, stitched together from seven slightly overlap-
ping locations around the macula to achieve a total field of view of ~45° that as such matches
the size of a standard fundus photography. In the macula, our study confirms the varying spa-
tial distribution of depolarization [21,22]. In the peri-macular region we observed a continua-
tion of the trend that depolarization decreases (DOPU increases) with eccentricity from the
fovea. In addition, we could show that depolarization varies between different sectors of our
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evaluation grid (cf. Figs 2 and 3) that in total investigates the depolarization in 49 regions of
interest (8 sectors in 6 rings plus the central circle).

Second, we substantially increased the number of Caucasian subjects (105 healthy volun-
teers) compared to our previous study [22]. In our study population we found a similar trend
of increasing depolarization with age (cf. Fig 5) as has previously been shown in the Asian pop-
ulation [21]. The age dependency is similar for all eccentricities from the fovea. Therebyj, it
must be noted that the previous study used the entropy as quantitative measure for depolariza-
tion while our approach relied on DOPU. The similarity of the results indicates that depolari-
zation may similarly be described by both quantities. It has been shown, however, that DOPU
depends on the incident polarization state (with lowest DOPU values for circular polarized
light and largest DOPU values for linear polarized light) [20] and although our system emits a
circular polarization state, birefringent structures such as the cornea, the retinal nerve fiber
layer or Henle’s fiber layer may alter this polarization state.

However, birefringence introduced by the cornea is quite low and generated a retardation
in the range between 10° and 36° which corresponds to an elliptical polarization state that is
closer to a circular state than to a linear state and as such the influence on the corresponding
DOPU measurements will be low. In order to test this hypothesis, we compared age-matched
DOPU measurements in subjects showing low corneal birefringence (retrieved from retarda-
tion values measured at the surface of the retina) with subjects showing high corneal birefrin-
gence. In the first group we determined a range of retardation values measured at the retinal
surface between 10° und 17° while in the second group we determined a range between 25°
und 36°. We found no significant difference in the DOPU measurements between these two
groups in all sectors apart from sector 1, rings F and G, which supports our hypothesis of little
influence of corneal birefringence on the presented DOPU measurements. Nevertheless, more
care is needed for DOPU calculation in instruments that do not use a well-defined circular
polarization input state or in imaging scenarios where the light passes through highly birefrin-
gent media.

Third, we included for the first time pathological eyes, in our case 48 early-stage glaucoma
patients. In this early stage of the disease, no changes in depolarization could be found in com-
parison to healthy eyes (cf. Fig 3(A)) and both groups show a similar age dependency (cf. Fig
5). The small difference in the appearance of the averaged DOPU images (cf. Fig 2) may be
explained by the difference in the average age of the two groups. The preservation of RPE
depolarization might be explained by the nature of glaucoma as a neuronal disorder that first
affects the retinal nerve fiber layer and only in a later stage outer retinal structures such as pho-
toreceptors and the RPE might be affected to some degree [35]. Given that the patients
included into this study were still at an early stage of the disease, we cannot exclude that poten-
tial deteriorations are present in a later stage. However, such investigation requires to repeat
the study with patients at a more advanced stage of glaucoma. Generally speaking, the study is
merely a start and can be repeated with other diseases known to affect the RPE, such as age-
related macular degeneration at an early stage.

Finally, we investigated potential sex-related differences of depolarization in the RPE. Here
we did not find any statistically significant difference between the two groups (cf. Fig 3(B)).

The observed spatial distribution of DOPU is most likely caused by the presence of pig-
ments within the RPE such as melanin, melanolipofuscin, and melanolysosomes [36]. As sug-
gested previously [21], the increase of polarization strength with age can most likely be
associated with an age-induced change of pigment composition. The concentration of lipofus-
cin, as well as complex types of melanin (melanolipofuscin and melanolysosome), increase
with age, whereas the simple type of melanin decreases [24,25]. Consequently, melanin cannot
be assumed as the only pigment in the RPE that causes depolarization.

PLOS ONE | https://doi.org/10.1371/journal.pone.0278679 December 13, 2022 9/13


https://doi.org/10.1371/journal.pone.0278679

PLOS ONE

Quantitative assessment of depolarization by the retinal pigment epithelium in healthy and glaucoma subjects

One additional factor is that the RPE cell density and cell thickness is not constant and
changes with retinal location [37]. The highest cell density and thickest cells can be found
around the fovea and both parameters decrease towards the periphery, which represents a sim-
ilar pattern as observed for depolarization. An increased thickness and cell density of the RPE
is associated with increased melanin concentration [37] and as such can partly be the cause for
the observed stronger depolarization. However, the true thickness of the RPE cannot be mea-
sured by our OCT system because of the limited axial resolution that lies in the range of the
RPE cell thickness.

Throughout the present study, a kernel size of 10 x 10 pixels (corresponding to approxi-
mately 20 x 78 pmz [axial x lateral]) was used to calculate DOPU [19]. This size has been cho-
sen empirically by considering the trade-off between sensitivity to depolarization and
resolution of the DOPU images. As reported in a previous study [38], the kernel size used to
calculate DOPU needs to be large enough to contain a sufficiently large number of pixels that
are above the noise level in the evaluation window and thus included into the calculation.
There is a certain susceptibility to changes in this processing parameters and the kernel size
used for DOPU calculation will influence the quantitative values of DOPU [14]. Nevertheless,
this will only result in a shift to slightly lower or higher DOPU values but not in a change of
the overall trends such as the DOPU dependency on age that have been reported here.

Conclusion

In conclusion, we presented measurements of depolarization caused by the RPE in healthy
and glaucoma subjects over a large field of view and investigated age and sex related changes.
While there was no significant difference between the two study populations and between
males and females, an increase of depolarization was found with age. In addition, depolariza-
tion depended on the retinal location and showed lower depolarization (higher DOPU values)
at larger eccentricities from the fovea. Together with previous findings our results pave the
way for further studies in other patient populations such as early-stage age-related macular
degeneration, where potential changes in depolarization of the RPE introduced by the disease
may be present.
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