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Abstract

We present a new method to automatically segment the thickness of the choroid in the human eye 

by polarization sensitive optical coherence tomography (PS-OCT). A swept source PS-OCT 

instrument operating at a center wavelength of 1040 nm is used. The segmentation method is 

based entirely on intrinsic, tissue specific polarization contrast mechanisms. In a first step, the 

anterior boundary of the choroid, the retinal pigment epithelium, is segmented based on 

depolarization. In a second step, the choroid-sclera interface is found by using the birefringence of 

the sclera. The method is demonstrated in five healthy eyes. The mean repeatability (standard 

deviation) of thickness measurement was found to be 18.3 μm.

1. Introduction

Optical coherence tomography (OCT) was introduced two decades ago [1] as a non-invasive 

modality for imaging transparent and translucent samples and tissues with resolution of a 

few μm [2, 3]. The first (and still dominating) application field of OCT was ophthalmology, 

where OCT revolutionized retinal imaging and diagnostics [4, 5]. The introduction of the 

spectral domain (SD) principle [6–8] caused a paradigm shift in OCT technology. Its 

improved sensitivity [9–11] enables modern commercial OCT scanners to operate at 

imaging speeds beyond 20 kA-lines/s. They operate in the 800 nm wavelength regime and 

achieve an axial resolution on the order of 5 μm, providing high-quality images of the retina, 

from the inner limiting membrane down to the retinal pigment epithelium (RPE). However, 

presently available commercial OCT systems still have two shortcomings: (i) Imaging of 

deeper layers, beyond the RPE, is hindered by scattering and absorption of the sampling 

light in the RPE. (ii) They acquire images just based on backscattered intensity which does 

not provide a tissue specific contrast.

It has been shown that the use of longer wavelengths can overcome the first problem. The 

optimum wavelength regime for OCT imaging beyond the RPE is around 1050 nm where 
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scattering and absorption of the RPE are reduced and water absorption has a local minimum 

[12–15]. The use of this wavelength enabled imaging of the choroid down to the choroid-

sclera interface (CSI). The introduction of this method allowed to measure the thickness of 

the choroid, a quantity of great interest for the study of ocular disorders like high myopia, 

diabetic retinopathy, central serous chorioretinopathy, etc. Recent studies demonstrate the 

interest to measure the choroidal thickness by this technique (cf., e.g., [16–18]). However, in 

most of these studies, the CSI is segmented manually, which is problematic since it is time 

consuming and largely subjective. Only very recently, a first study employing an automated 

segmentation algorithm based on a statistical model and texture analysis was reported [19]. 

This study used exclusively intensity based data.

Polarization sensitive (PS) OCT [20, 21] is a functional extension of OCT that takes 

advantage of the additional information carried in the light’s polarization state. Thereby, PS-

OCT can be used to solve the second problem mentioned above. Several structures in the 

ocular fundus can change the polarization state of the sampling beam: there are birefringent 

structures like the retinal nerve fiber layer [22, 23], Henle’s fiber layer [24, 25], the sclera 

[26, 27], or scar tissue [28]. These structures introduce a phase retardation between beam 

components of orthogonal polarization state which can be used for contrasting or to perform 

quantitative measurements [29–32]. The RPE and other pigmented tissues like choroidal 

melanoma or naevi act as depolarizers, i.e. scramble the polarization state of backscattered 

light [25, 33, 34]. This effect can be used to segment the RPE and associated lesions by its 

intrinsic, tissue specific polarization contrast [35–37].

In this paper, we use PS-OCT at 1040 nm, to the best of our knowledge for the first time, to 

automatically segment the thickness of the choroid by an algorithm that exploits two tissue 

polarization properties: in a first step, the RPE is segmented based on its depolarizing effect; 

in a second step, the CSI is segmented based on the birefringence of the sclera. Finally, the 

difference between the two layers is calculated. We demonstrate the method in five healthy 

volunteers, present repeatability data, and discuss the results in relation to intensity based 

manual measurements.

2. Methods

2.1 Instrument

We used a PS-OCT setup based on principles reported previously [38]. The main changes 

made were as follows: (i) The super luminescent diode (SLD; center wavelength 840 nm) 

was replaced by a swept source (Axsun Inc.) operating at a center wavelength of 1040 nm at 

a scanning speed of 100 kHz. The sweep range is 110 nm, providing an axial resolution of 

7.9 μm in air or 5.6 μm in tissue (assuming a refractive index of 1.4). (ii) The bulk optic 

Michelson interferometer was replaced by a bulk optic Mach Zehnder interferometer. (iii) 

The spectrometer based detection unit was replaced by a dual balanced detection scheme 

employing InGaAs detectors with a cutoff frequency of 350 MHz (Thorlabs Inc.) and a 2-

channel 12 bit AD board operating at 500 MSamples/s (Alazartech). The eye was 

illuminated by a power of 2 mW providing a sensitivity of ~102 dB and a roll off of ~4 dB 

over 3 mm optical imaging depth.
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The principles of polarization sensitive detection were similar as in our previous work [38, 

39]: the sample (eye) was illuminated by circularly polarized light, and a polarization 

sensitive detection was performed in two orthogonal polarization channels simultaneously. 

This allowed the simultaneous measurement of the following parameters: reflectivity, 

retardation, optic axis orientation, and degree of polarization uniformity (DOPU) [35].

2.2 Imaging protocol

In this work, B-scan series of the human retina were recorded centrally through the fovea. A 

B-scan series consisted of 50 B-scans (1000 A-scans each, scan angle ~20°) recorded at the 

same position within 0.5 s. B-scans were averaged (see below) to reduce speckle noise and 

improve image quality. To determine the repeatability of our results, each subject was 

imaged five times. The subjects sat back and were re-aligned between the measurements.

Five healthy human subjects were enrolled in the study. Their age ranged from 25 to 54 

years, refraction ranged from 0 to −3.5 diopters. Since the iris color of the subjects varied 

considerably (blue, grey, green, brown), a statistically significant correlation of iris color 

and choroid pigmentation/penetration was not possible within this small study group. The 

subjects were imaged after the nature and possible consequences of the study were explained 

and full informed consent was obtained. The study was approved by the ethics committee of 

the Medical University of Vienna and adhered to the tenets of the Declaration of Helsinki.

2.3 Data processing

After standard Fourier domain OCT data preprocessing (fixed pattern noise removal, 

rescaling of the spectral data to remove sweep nonlinearities, spectral side lobe suppression 

by a Hanning window, zero padding, dispersion compensation) an inverse FFT is performed. 

From the resulting complex data set, amplitude and phase information is derived for each 

polarization channel. From these quantities, the reflectivity, retardation, and optic axis 

orientation can be calculated as described previously [38, 39].

In a next step, residual motion artifacts between the B-scans of a series were corrected by 

cross-correlating the B-scans (Image J, MultiStackReg). Afterwards, B-scans were averaged 

to reduce speckle noise and to improve image quality. The following data sets were 

generated in this way (details of the used averaging procedures can be found in ref [40].): 

intensity (average of reflectivity images), retardation (calculating retardation first for each 

frame, then averaging the retardation frames), and DOPU (temporal DOPU window, i.e., 

Stokes vector elements averaged pixel wise over successive B-scans).

In the following step, the RPE and the CSI were segmented based on their polarization 

properties. The individual segmentation procedures are described with reference to Fig. 1 

which shows an example of averaged images derived from a B-scan series. The intensity 

image (Fig. 1(a)) shows a cross section where all the major retinal layers can be seen. The 

choroid can be clearly identified, demonstrating the improved imaging depth of the 1040 nm 

SS PS-OCT system. Behind the area showing large blood vessels (dark patches surrounded 

by brighter structures, perhaps vessel walls), an area of rather uniform backscattered 

intensity that decreases with depth can be observed.
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We start by segmenting the RPE which can be regarded as the anterior boundary of the 

choroid (in healthy eyes, the RPE is indistinguishable from Bruch’s membrane). In the 

intensity image, the RPE is observed as the last bright boundary at the posterior side of the 

retina. Its intensity is approximately similar to that of the two boundaries located 

immediately anterior to the RPE, the end tips of the photoreceptors (ETPR, the layer 

immediately adjacent to the RPE), and the boundary between inner and outer photoreceptor 

segments (IS/OS, the layer anterior to the ETPR). However, the RPE shows a very different 

contrast behavior in polarization sensitive images. As can be seen in the DOPU image (Fig. 

1(b)), the RPE strongly depolarizes backscattered light (greenish band). This intrinsic, tissue 

specific contrast can be used to directly segment the RPE. We extract the RPE by applying a 

thresholding algorithm that segments pixels below a DOPU threshold of DOPUthr < 0.8. We 

then fit a polynomial of 4th order to the segmented pixels. The result is a line that marks the 

position of the RPE. Figure 1(e) shows an intensity image with the segmented RPE line 

shown in red. This line is taken as the anterior boundary of the choroid.

Figure 1(c) shows the retardation image. The rather constant blue color observed in the 

layers anterior to the RPE indicates that these layers essentially preserve the polarization 

state of the incident beam. The RPE is observed as a cyan-green band; this color is caused 

by averaging the randomly distributed polarization states generated by the depolarizing RPE 

over the 50 successive frames. Beneath the RPE, the choroid shows again blue color, 

indicating polarization preservation. The patches of somewhat lighter blue and cyan indicate 

slight depolarization by choroidal pigments and are also partly caused by noise due to low 

signal intensity; this can be observed especially in the areas corresponding to vessels (dark 

patches in the intensity image). Further below, a color change to cyan, green, and yellow can 

be observed. This indicates phase retardation caused by the birefringent sclera. Deeper areas 

of the sclera are shown in grey. This indicates that the signal obtained from the 

corresponding area is not reliable enough to calculate correct retardation values. Two 

conditions can lead to this gating out of signals: (i) the intensity is too low, which distorts 

measured retardation [41]; this is checked by applying an intensity threshold (areas of 

signal-to-noise ratio below 7 dB in the averaged B-scans are excluded). (ii) The signal 

originates from multiple scattering which causes a random polarization state. This is 

checked by applying a DOPU threshold (signals with DOPU < 0.3 are excluded).

We now segment the CSI based on the birefringence of the sclera. The idea is as follows: we 

observe a certain, well defined retardation value δpr in the photoreceptor layer (averaged 

over the IS/OS and ETPR boundaries). The RPE and the choroid are non-birefringent, 

therefore the retardation value should stay constant within these layers. The retardation rises 

within the sclera, so we have to find the position where the retardation starts to increase; this 

position should correspond to the CSI. However, the depolarization of light backscattered 

from the RPE and parts of the choroid mimic an increased retardation of parts of the signal 

observed in these layers (cf. the retardation A-scan shown in Fig. 1(d), which shows noisy 

peaks in front of the sclera). Therefore, our segmentation algorithm starts searching a 

retardation gradient from the posterior side of the image, excluding areas of unreliable signal 

(the grey areas of Fig. 1(c)). Within the slope of the gradient (dashed red line), the depth 

position z1 where the retardation drops below a predetermined value δ1 is located. Ideally, δ1 

would be equal to δpr. However, because of the noisy retardation signal in the choroid, the 
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retardation does not drop to the value of δpr. Therefore, we add an offset to define δ1: δ1 = 

δpr + δoffset. The optimum choice of δoffset was empirically found to be δoffset = 14°. The 

position z1 of δ1 is slightly deeper than the theoretic CSI position zCSI (which is where the 

retardation value would have dropped to δpr if there were no disturbance by the noisy 

choroid signal). We approximate zCSI = z1 - (dz/dδ)δoffset, where (dz/dδ) is the inverse 

gradient of the retardation (we take a mean retardation gradient (i.e., birefringence) of 

0.62°/μm optical imaging depth for all subjects).

To reduce noise and improve segmentation results, the retardation image is median filtered 

before the algorithm to search zCSI is applied. To remove outliers caused by noise, a 

polynomial of 4th order is fit to the raw zCSI values. zCSI values that deviate by more than 

55 μm from the fitted line are removed and replaced by the polynomial values. Finally, the 

result is smoothed by a median filter. The resulting CSI is shown as a green and white line in 

Figs. 1(e) and (f), respectively. (Since the exact position of the CSI is still controversial if 

intensity and retardation data are compared (see discussion) we decided to refrain from 

further smoothing this line by fitting to a polynomial; therefore, it has a rather wavy 

appearance which, however, allows a more detailed comparison with small-scale structures 

observed in the intensity images.)

3. Results

Horizontal cross sections of the fovea region of the right eye of five healthy subjects were 

recorded, and RPE and CSI were segmented as described above. Figure 2 shows the results. 

Left and right hand columns show intensity and retardation images, respectively. RPE and 

CSI segmentation lines are shown in red and green in the intensity images, respectively, and 

as two white lines in the retardation images.

Figure 3 shows a plot of the choroidal thickness (CT) extracted from these images. CT was 

calculated as the difference between the CSI and RPE line, divided by an estimated 

refractive index of 1.4. CT varies among subjects, with mean CT values ranging from 271 to 

383 μm (averaged over the width of the individual B-scans). The CT within a B-scan is not 

uniform but can show a strong asymmetry, e.g., in Fig. 2(a) and 2(b) the maximum value is 

343 μm (slightly temporal to the foveola), while the minimum value is 205 μm (at the nasal 

edge of the imaged region).

Figure 4 shows results of a repeatability measurement (same eye as in Fig. 2(a) and 2(b)). 

The eye was repeatedly measured 5 times. The mean CT line and the interval of the standard 

deviation (SD) are shown. The mean SD (across the width of the B-scan) was 17.5 μm. The 

mean SD value of all 5 eyes was 18.3 μm (range: 13 – 28 μm).

4. Discussion

We developed and demonstrated a new method to measure choroidal thickness by PS-OCT, 

based entirely on polarization sensitive, intrinsic, tissue specific contrast mechanisms. While 

the anterior boundary of the choroid, the RPE, was segmented based on depolarization, the 

segmentation of the posterior boundary, the CSI, is based on the birefringence of the sclera.
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While RPE segmentation by PS-OCT has been reported previously for OCT at 840 nm 

wavelength [35], we show here for the first time that it works equally well at 1040 nm. To 

smoothen the RPE contour, a polynomial of 4th order was fitted to the data found by the 

polarization-based algorithm. One might argue that this method to segment the anterior 

choroidal boundary might not work in patients with a distorted RPE, e.g., in case of diseases 

affecting the RPE, like drusen or geographic atrophy in age related macular degeneration, 

where the RPE is distorted or totally missing. However, we have developed more 

sophisticated algorithms based on iterative contour fitting that reliably identify the anterior 

choroidal boundary even in these conditions [36].

The segmentation of the CSI by exploiting the scleral birefringence is somewhat more 

complicated, for two reasons:

(i) The penetration depth of 840 nm OCT systems is usually not good enough to 

image the CSI. The reasons are the increased scattering of the shorter 

wavelength in RPE and choroid, and the stronger sensitivity roll off of usual 

spectrometer based 840 nm SD-OCT systems. The use of the less scattered 

longer wavelength of ~1050 nm, emitted by a swept source with low sensitivity 

roll off, improved the penetration depth considerably, enabling reliable 

identification of the CSI in most cases. (It should, however, be mentioned that 

intensity based imaging of the CSI by 840 nm OCT systems operated in reverse 

mode (“enhanced depth imaging”, or EDI mode), in combination with averaging 

supported by a retinal tracker, has recently been successfully demonstrated [18, 

42, 43].)

(ii) Contrary to depolarization, which can easily be identified also in very thin layers 

like the mono-cell RPE layer, retardation caused by birefringence requires a 

certain layer thickness to build up a measurable retardation: a gradient has to be 

searched, and the position where this gradient starts has to be identified. The 

search for the gradient is complicated by two effects: the noisy retardation signal 

caused by the depolarizing pigments in the choroid, and the multiple scattering 

observed at very deep positions, which also leads to confounding noise of the 

measured retardation signal. Our solution to these problems was to gate out 

multiply scattered light via the DOPU value, and to start the search for the 

retardation gradient from the posterior side of the image. While this method 

worked well in the majority of the subjects imaged in this study, it can lead to 

limitations: In case of very thick choroids (CT > ~380 - 400 μm), the signal from 

the sclera might be dominated by multiply scattered light, preventing the 

measurement of reliable retardation signals from the sclera over a depth interval 

that is necessary to identify the retardation gradient. We observed such an effect 

in one of our subjects (cf. Figs. 2(g), 2(h)). In this case, most of the data points 

below the choroid are associated with low DOPU values, so the resulting 

segmentation line is questionable. This is in agreement with the fact that the 

repeatability of CT measurement was worst in this subject (SD = 28 μm).

The mean variability (SD) of 18.3 μm observed in our subjects corresponds to ~5 – 6% of 

the measured mean CT. This value is of the order of the diurnal variability of choroidal 
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thickness which has a mean amplitude of 33.7 μm [44]. However, it should be mentioned 

that locally higher values of variability are found (cf. Fig. 4, e.g. near the foveola and at ~2° 

nasal eccentricity). This locally increased variability is likely caused by slightly different 

fixation of the subject between different B-scan series. Local anatomic variations, e.g. near 

large vessels, can lead to CT values that slightly differ from one measurement to the next in 

these areas. A possible solution might be to obtain 3D data sets and derive 2D CT maps, 

whereby B-scan averaging over adjacent B-scans might be used. This would require a 

careful balance between the trade-offs between resolution in y-direction, sensitivity, and 

total measuring time.

In most previous studies, CSI segmentation and CT measurements were done manually on 

intensity images. To compare the CSI segmentation results obtained by our polarization 

based algorithm to manual, intensity based segmentation, we selected one data set obtained 

from each subject and manually drew a segmentation line into the intensity image.

Figure 5 shows an example of B-scans with segmentation lines for a detailed comparison 

(same subject as in Fig. 2 (c), 2(d)). Figure 5(a) shows the intensity image, Fig. 5(b) the 

retardation image. In addition to the PS-OCT based segmentation lines, the manually drawn 

lines are shown in orange (the line was drawn into the intensity image and copied into the 

retardation image). On the right hand side (nasal, area is close to the optic nerve head) the 

PS-OCT based CSI segmentation line is close to the manually drawn line. However, in other 

parts (left hand side), there is a distinct deviation: the PS-OCT segmentation line is placed 

deeper than the intensity based line. Part of that deviation might be caused by the fact that 

we used an average scleral birefringence to correct for the retardation offset δoffset (cf. 

section 2.3). The retardation image clearly shows that the birefringence (color gradient) is 

not constant along the B-scan. An individually and locally varying birefringence could be 

implemented in future improvements of our algorithm. However, this effect can only explain 

a minor part of the observed deviation. The retardation image clearly shows that the PS-

OCT line is at the position where the retardation gradient (i.e. the birefringence) starts, the 

intensity-based line is within an area that shows constant retardation (no birefringence).

A comparison of Figs. 5(a) and 5(b) clearly shows that in the corresponding areas there are 

quite thick regions within the tissue of rather uniform reflectivity that show no birefringence 

(constant blue color in Fig. 5(b), cf. asterisks). This leads to a unilateral deviation of PS-

OCT and intensity based CSI segmentation. The PS algorithm tends to draw the 

segmentation line at a deeper position than intensity based manual segmentation. In Fig. 5, 

the deviation ranges from 0 to ~70 μm, with an average of ~25 μm. Across all five 

volunteers, the mean deviation is ~35 μm.

The reasons for these discrepancies are still under discussion: either the tissue layer where 

the discrepancy is observed is not part of the sclera or the corresponding scleral tissue is 

non-birefringent. Therefore, the true CSI position remains unclear in these areas, and further 

research and comparison with histology is needed.
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Despite this unresolved discrepancy, we think CT segmentation by PS-OCT is an interesting 

alternative to intensity based methods because it can be fully automated and provides 

additional, complementary information to intensity based data.

(We would like to note that during the review process of our manuscript, an independent 

paper reporting a related algorithm to segment the CSI based on the scleral birefringence has 

been published [45].)
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Fig. 1. 
PS-OCT images of human fovea region to illustrate segmentation of choroid. a) Intensity B-

scan; b) DOPU B-scan (color bar: 0-1); c) retardation B-scan (color bar: 0° - 90°); d) 

retardation A-scan (position shown by orange line in a)); e) intensity B-scan with 

segmentation lines (red: RPE, green: CSI); f) retardation B-scan with segmentation lines 

(top white line: RPE, bottom white line: CSI, color bar: 0° - 90°). B-scan dimensions: 19° 

(horizontal) × 1 mm (vertical; geometric distance).

Torzicky et al. Page 11

Opt Express. Author manuscript; available in PMC 2015 April 10.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 2. 
Segmentation of choroid in five healthy volunteers by PS-OCT. Left column: intensity B-

scans (red line: RPE, green line: CSI). Right column: retardation B-scans (top white line: 

RPE, bottom white line: CSI; color scale: cf. Figure 1). B-scan dimensions: 19° (horizontal) 

× 1060 μm (vertical; geometric distance).
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Fig. 3. 
Plots of choroidal thickness obtained by PS-OCT in five healthy volunteers. The foveola is 

at 0° (left and right sides are cropped to cover only those parts of the horizontal scans that 

are imaged in all eyes; the cropping was necessary because of decentration of some scans, 

cf. Figure 2).
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Fig. 4. 
Repeatability of CT segmentation by PS-OCT. The center line (black) shows the mean value 

of 5 CT thickness measurements obtained in a single subject. The other lines (red and green) 

show mean ± standard deviation. The foveola is at 0°.
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Fig. 5. 
PS-OCT B-scans of a human retina to illustrate deviations between PS-OCT based choroidal 

segmentation and results derived manually from intensity image. See text for details. a) 

Intensity (red line: RPE, green line: CSI by PS-OCT, orange line: CSI by manual 

segmentation); b) retardation (top white line: RPE, bottom white line: CSI by PS-OCT, 

orange line: CSI by manual segmentation; color bar: cf. Fig. 1). B-scan dimensions: 19° 

(horizontal) × 1060 μm (vertical; geometric distance).
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