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Chapter 6 |
Subretinal Fibrosis Detection using
Polarization Sensitive Optical
Coherence Tomography
Abstract
Purpose: Subretinal fibrosis (SRFib) is an important cause of permanent loss of vision
diseases with submacular neovascularization, but a reliable diagnostic method is currently
missing. This study uses polarization-sensitive optical coherence tomography (PS-OCT) to
detect SRFib within retinal lesions by measurement of its birefringent collagen fibers.
Methods: 25 patients were enrolled with retinal pathology in one or both eyes containing (1)
suspected SRFib, (2) lesions suspected not to be fibrotic or (3) lesions with doubtful presence
of SRFib. All eyes were evaluated for SRFIb using conventional diagnostics by three retinal
specialists. PS-OCT images were visually evaluated for SRFib based on cumulative phase
retardation, local birefringence and optic axis uniformity.
Results: 29 eyes from 22 patients were scanned successfully. In 13 eyes, SRFib was diagnosed
by all retinal specialists, of these 12 were confirmed by PS-OCT and one was inconclusive. In
nine eyes, the retinal specialists expected no SRFib, which was confirmed by PS-OCT in all
cases. In seven eyes, the retinal specialists’ evaluations were inconsistent with regard to the
presence of SRFib. PS-OCT confirmed the presence of SRFib in four of these eyes, the
absence of SRFib in two eyes, and was inconclusive in one eye.
Conclusion: In 21 out of 22 eyes, PS-OCT confirmed the evaluation of retinal specialists
regarding the presence of SRFib. PS-OCT provided additional information to distinguish
SRFib from other tissues within subretinal neovascular lesions in 6 out of 7 eyes.
Translational Relevance: PS-OCT can identify and quantify SRFib in doubtful cases for
which a reliable diagnosis is currently lacking.

Based on: M. G. O. Gräfe*, J. A. van de Kreeke*, J. Willemse, B. Braaf, Y. de Jong, H. S. Tan, F. D.
Verbraak, J. F. de Boer, “Subretinal Fibrosis Detection using Polarization Sensitive Optical Coherence
Tomography”, Translational Vision Science & Technology 9, 13 (2020)
* these authors contributed equally to this work
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Age-related macular degeneration (AMD) with submacular neovascularizations is one of the
most common causes of severe vision loss in the Western world [1, 2]. Recently, new
treatments based on drugs suppressing vascular endothelial growth factor (anti-VEGF) have
been developed to prevent severe vision loss in these patients [1, 3, 4]. However, even with
anti-VEGF drug treatment, retinal tissue changes such as subretinal fibrosis (SRFib) can still
develop in the course of submacular neovascularization, causing irreversible vision loss [5-7].
The development and presence of fibrosis is a prognostic factor for the future of visual
acuity; therefore good imaging techniques to monitor the development of SRFib are therefore
important for the selection of patients who may respond better (i.e. no fibrosis) or worse (i.e.
mostly fibrotic lesions) to treatment [8]. Conventional imaging techniques such as fluorescein
angiography (FA), indocyanine green angiography (ICGA), fundus photography and optical
coherence tomography (OCT) give structural and circulatory information on retinal pathology
[9-11]. However, none of these imaging techniques can reliably recognize and delineate fibrosis
within retinal lesions. Fibrotic tissue can be suspected from highly reflective lesions on OCT
in combination with visual acuity, fundus photography, FA and ICGA results [12] although a
definitive diagnosis is still difficult.
OCT measures interferometrically the depth from which light is reflected within retinal
structures [13]. Its main advantage over other techniques is that it not only measures a
projected en face view of the retina, but also provides in-depth information for the creation of
cross-sectional images. The importance of OCT in ophthalmology has increased enormously
over the last years and OCT has become a standard tool for diagnostics and clinical research
[14-16]. The recently developed OCT angiography is a promising new way to image retinal
microvasculature and neovascular processes [17-19]. However, currently there is no standard
method to reliably monitor the transition of non-fibrotic neovascular lesions into fibrotic
neovascular lesions.
Birefringence is an optical property that changes the polarization state of the light, and
manifests itself in fibrous tissues such as the retinal nerve fiber layer [20, 21]. Retinal nerve
fiber layer birefringence has been used in the diagnosis and follow-up of glaucoma patients
[22, 23]. Tissue birefringence alterations are also present during wound healing due to the
changes in collagen and reticulin fiber structures [24]. Imaging methods that are sensitive to
birefringence can therefore add an additional contrast modality to the existing techniques for
improved detection of SRFib, which is a form of scar tissue consisting mostly of collagen
fibers [6]. SRFib has therefore birefringent characteristics, allowing it to be visualized by
polarization-sensitive OCT (PS-OCT) [25-27]. This makes PS-OCT a promising tool for
reliable detection and three-dimensional delineation of fibrotic tissue within (sub)retinal
lesions.
Shortly after the introduction of OCT, PS-OCT was developed [28, 29]. This functional
form of OCT was shown to be able to detect the birefringent properties of collagen [29, 30]
and later it was found that fibrotic tissue in the retina also provides significant contrast when
examined with PS-OCT [26]. For an improved stability the PS-OCT bulk optics systems were
further developed to fiber-based systems [31, 32]. Those systems came with new challenges,
as the birefringence from the fiber components had to be separated from birefringence in the
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sample [30]. It was shown that polarization mode dispersion (PMD) and other PS-OCT system
distortions have to be corrected to obtain the most accurate results, which can be implemented
based on Mueller [33] and Jones [34, 35] calculus. The latter was also applied in this study.
In this proof of concept study, we aimed to use PS-OCT for finding and delineating
SRFib in subretinal neovascular pathology, most notably neovascular AMD.

6.2 Methods
6.2.1 Participants
25 patients of the Amsterdam UMC, location VUmc were enrolled for scanning with the PSOCT. The study followed the tenets of the Declaration of Helsinki and written informed
consent was obtained from all patients. The study was approved by the Medical Ethics
Committee of the Amsterdam UMC, location VUmc in Amsterdam. Patients were included if
they had macular lesions. Two patients had fibrosis caused by multifocal choroiditis with
inflammatory choroidal neovascularization (CNV) and three had myopic/idiopathic CNV. All
other patients had neovascular AMD. The macular lesions were sorted into three categories:
(1) neovascular lesions with suspected fibrosis, (2) lesions suspected to consist of material not
of fibrotic origin or (3) neovascular lesions in which there was doubt as to whether they
contained fibrosis. The lesions judged as fibrotic (N=13) were fibrotic scars: one was quiet
and had not been under anti-VEGF-treatment for several years, and five had not received antiVEGF treatment due to long existence. The remaining lesions judged as fibrosis (N=7) were
type 2 (classic) CNVs, partially fibrotic but still under anti-VEGF treatment. A definition
when fibrosis was suspected based on examinations is given below. From the group of eyes
with lesions suspected not to contain fibrotic material (N=9), five were type 1 CNVs with
fibrovascular pigment epithelial detachment (PED) and were under anti-VEGF-treatment.
The remaining four eyes of two patients in this group had pseudovitelliform macular lesions,
one of these patients (i.e. two eyes) had received anti-VEGF earlier, and the other patient had
not. Lesions without suspected fibrosis were chosen as negative controls. Some of both of the
type 1 and type 2 CNVs were judged as doubtful (N=7). Exclusion criteria were severe media
opacity hindering retinal imaging or inability to acquire reliable images. Demographic data
about the study population are included in Table 6.1.

6.2.2 Examinations
Best corrected visual acuity (BCVA), slit lamp biomicroscopy and OCT (Spectralis, Heidelberg
Engineering GmbH) were obtained for all patients as part of standard care. PS-OCT was
obtained successively after their usual check-up, so all examinations were performed on the
same day. All eyes were dilated with tropicamide 0.5% and phenylephrine 5% prior to imaging.
Fundus photography (45-50 degrees, Topcon Corp.) of the region of interest was obtained for
the eyes scanned with PS-OCT.
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Table 6.1. Demographics of the study population. Values are means unless indicated otherwise. * This
value was averaged over all eyes instead of participants. BCVA = Best Corrected Visual Acuity. CNV =
choroidal neovascularization.
Demographic
Number of participants (N)
Number of eyes (N)
Sex, female N (%)
Age (years), mean ± SD
BCVA (LogMAR)*, mean ± SD
Diagnosis
Neovascular AMD (N eyes,%)
Myopic/idiopathic CNVs (N eyes, %)
Multifocal choroiditis (N eyes, %)

Value
22
29
12 (54.5%)
75.0 (±14.0)
0.69 (±0.65)
24 (82.8%)
3 (10.3%)
2 (6.9%)

6.2.3 Defining fibrosis

6

All eyes were judged by three retinal specialists to make a prediction on whether fibrosis was
expected. Eyes where the three specialists were inconsistent or inconclusive in their judgment
were marked as ‘doubtful fibrosis’. To make an evaluation regarding the presence of fibrosis,
the specialists based their judgement on BCVA, OCT images and fundus photography of the
included eye. SRFib was defined as a yellow-whitish lesion on fundoscopy and fundus
photography, and as a hyperreflective lesion on OCT at the level of the Retinal Pigment
Epithelium (RPE) combined with low BCVA when the lesion was subfoveal in accordance
with earlier definitions [12]. The presence of fibrosis using the PS-OCT was defined by visual
inspection of the images and criteria described in section 6.2.5 Processing & evaluation.

6.2.4 Polarization-sensitive optical coherence tomography
The PS-OCT imaging system was introduced in Braaf et al. [35] and modifications to improve
the A-line phase stability have been described in Gräfe et al. [36]. In short, light from a sweptsource (Axsun Technologies Inc.) with a 1060 nm central wavelength was inserted into a
single-mode, fiber-based OCT interferometer. In the sample arm the light was split into two
orthogonal polarization states, and one state was delayed in time before it was sent into the
eye. The time delay caused a shift in depth between the two states in the OCT image, which
allowed for their individual detection (depth-multiplexing). After recombination with the
reference arm the OCT light was split into two orthogonal polarization channels and recorded
through balanced detection. The depth-multiplexed images were acquired with 1536 samples
per A-line, 2000 A-lines per B-scan and 300 B-scans of an area of 6-by-6 mm. The acquisition
time for one C-scan was 6.6 s. The axial resolution of the PS-OCT system was 8.7 μm (in air),
and the beam diameter at the cornea was 1.1 mm. A fixation target was presented to the
contralateral eye.

6.2.5 Processing & evaluation
Initial OCT processing steps were signal roll-off compensation [35], fixed pattern removal [37]
spectral shaping by a tapered cosine window and digital chromatic dispersion compensation
[38]. In the supplementary material the overlay between the depth-delayed polarization states
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and the compensation for polarization mode dispersion (PMD) is described. OCT intensity
images were computed by coherent signal composition [39]. Images of three PS-OCT contrast
modalities were used to identify birefringent fibrotic areas in tissue: cumulative double-pass
phase retardation (DPPR) [30, 35], local birefringence [40], and optic axis uniformity (OAxU)
[41-43]. The cumulative DPPR measures the phase retardation between the principle
polarization states along the complete optical path through the tissue. When deeper locations
are measured within birefringent tissues the optical path becomes longer, and more cumulative
DPPR will be measured until reaching a value of π from which it decreases again due to phase
wrapping. An increasing slope is characteristic for cumulative DPPR in birefringent structures
(until π). In contrast, the local birefringence is a measure of the phase retardation effect at a
single depth location and does not accumulate with longer optical paths. The local
birefringence is proportional to the amount of actual birefringent material (with optic axis
perpendicular to the incident light) per pixel in the OCT image [40]. Local birefringence images
show high signal at the locations of high concentration of birefringent tissue. In general images
of the cumulative DPPR are used for sensitive qualitative evaluation of the birefringence in
the retina, whereas the local birefringence gives quantitative information but with lower
sensitivity. In many biological tissues the orientation of fiber bundles can be measured from
the optic axis of the birefringent fibrous tissue. The OAxU uses this property to indicate areas
with significant concentration of highly aligned fibers. OAxU combines similar sensitivity of
cumulative DPPR and the axial localization of local birefringence and can therefore only be
used for binary decisions and not for quantification.
Visual inspection included inspection of images from above mentioned contrast
modalities with two members of the research team (MGOG, JAvdK). If no consensus was
reached, a retinal specialist (FDV) was consulted as final judge. Images were judged positive
for birefringence if a clear and consistent elevated level of local birefringence was present in
multiple adjacent B-scans and the OAxU was high in the same areas. In some scans local
birefringence was not significantly elevated but OAxU could still reveal a good birefringent
contrast. In those cases the cumulative DPPR was used to make a final judgement. Expected
high birefringence contrast from scleral tissue and the retinal nerve fiber layer (RNFL) were
ignored. Certain scans showed regions with high local birefringence with a speckled, highly
fluctuating behavior, low OAxU and strong attenuation (the signal-to-noise ratio, SNR, was
weak below these regions, so cumulative DPPR could not be used). Those effects could be
attributed to depolarization by a local accumulation of pigment as seen on the corresponding
fundus photograph, as the presence of melanin pigments was shown not only to be strongly
attenuating but also depolarizing [44-46]. Those areas were excluded and not considered to be
fibrotic.

6.3 Results
25 patients were enrolled in the study. In three patients, scanning failed due to technical failure
(N=2) or inability to make a reliable image (N=1). A total of 29 eyes from 22 patients were
scanned successfully with the PS-OCT system. 24 eyes had a diagnosis of neovascular AMD
and five had other diagnoses: myopic/idiopathic CNV (N=3) and multifocal choroiditis

91

6

Results 6.3

(N=2). The panel of three specialists judged 13 out of 29 eyes to have SRFib and nine to be
negative for SRFib; they were in disagreement or in doubt about seven eyes. Visual inspection
using PS-OCT scans revealed 16 scans to be positive for birefringence within the lesion (i.e.
to contain fibrosis) and 11 were negative; in two a definite diagnosis could not be made. Table
6.2 shows the matching between retinal specialists using conventional diagnostics and the
diagnostics based on the criteria described in 6.2.5 Processing & evaluation for PS-OCT scans.
Table 6.2. The judgement on the presence of subretinal fibrosis in 29 eyes by three retinal specialists
using conventional diagnostics (i.e. fundus images, OCT and BCVA) versus presence of elevated
birefringence (i.e. fibrosis) by visual inspection on polarization sensitive optical coherence
tomography (PS-OCT). (PS)OCT = (Polarization Sensitive) Optical Coherence Tomography,
BCVA = Best Corrected Visual Acuity.

6

Clinical assessment
(fundus
images,
OCT and BCVA)
Suspected fibrosis
No
suspected
fibrosis
In doubt
Total

Fibrosis on
PS-OCT

No fibrosis
on PS-OCT

Inconclusive on
PS-OCT

Total

12
0

0
9

1
0

13
9

4
16

2
11

1
2

7
29

SRFib was suspected by the retinal specialists in 13 eyes and PS-OCT confirmed 12 of these
cases by showing an elevated birefringent signal and high optic axis uniformity within the
lesions. In the remaining case with suspected fibrosis, the PS-OCT images were deemed
inconclusive. In this case high myopia and a resulting thin retina caused significant
birefringence/optic axis uniformity from the scleral tissue obscuring a potential signal from
fibrotic tissue. Fig. 6.1 shows example images for one of the 12 positive cases of patients with
suspected SRFib where PS-OCT scans confirmed its presence. The birefringent region can
clearly be identified. Local birefringence and OAxU provide strong contrast for the areas of
fibrotic tissue. The signals in cumulative phase retardation supports this. The fibrotic material
highlighted by PS-OCT is located within the hyperreflective layer (dark layer in structural
image). It corresponds to the region / where yellow material can be found in the fundus image
but it has a distinct substructure. The refractive index difference that corresponds to the
maximum of the displayed local birefringence is Δn=2.04·10-3. This is a range similar to what
was reported for collagen in scar tissue in skin [47] (1.55·10-3), tendon [48] (3.0·10-3), stroma
around malignant lesions in breast tissue [40] (2.2·10-3) or chicken muscle [32] (2.3·10-3).
Because of the good contrast-to-noise ratio, as shown by Willemse et al. [43], it was possible
to choose a lower bound for the OAxU images (0.70) above the noise floor in tissue (0.55)
with a maximum of 1.00.
The next case is an example of SRFib when the fibrotic tissue was on the more difficult
end of being identifiable by the images created from PS-OCT data. In this case not all
modalities would lead to the same conclusion regarding the presence of birefringence. In some
cases, the cumulative DPPR was clearly positive for birefringence, whereas this was not as
pronounced or was even absent in the local birefringence images. Fig. 6.2 shows an example
of a birefringent signal present in the cumulative DPPR image, but absent in the local
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birefringence image. The OAxU image shows higher sensitivity to the weak birefringent
structures than the local birefringence but with similar spatial confines. OAxU images were
often able to give conclusive evidence on the presence or absence of birefringent tissue in
such cases, as fibers causing birefringence are oriented in the same direction (within the
corresponding kernel), which results in a high optic axis uniformity.

6
Fig. 6.1. The left eye of a patient suffering from neovascular AMD and suspected fibrosis. (A)
fundus image, (B) OCT intensity image (colorscale: 0-33 dB), (C) cumulative retardation image (in
rad), (D) local birefringence image (in °/µm), the upper limit (0.4 °/µm) corresponds to a refractive
index difference of Δn=2.04·10-3; and (E) optic axis uniformity image. Note the elevated
birefringent signal in scans (C) and (D) as well as the high optic axis uniformity in (E) on PS-OCT
images, confirming the presence of SRFib. The red arrows point at fibrotic structures. Signal on
the left side of images is missing due to beam clipping.

Fig. 6.2. The right eye of a patient suffering from neovascular AMD. (A) fundus image, (B) OCT
intensity image (colorscale: 0-33 dB); (C) cumulative retardation image (in rad); (D) local
birefringence image (in °/µm); and (E) optic axis uniformity image. Note the presence of
birefringent signal in the cumulative phase retardation on scan (C) and its absence in the local phase
retardation on scan (D) in the PS-OCT images. A high optic axis uniformity signal on scan (E)
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confirms the presence of birefringent tissue in this case. The red arrows point at fibrotic tissue.
Scleral tissue was delineated with a red dashed line.

In a total of nine eyes, the retinal specialists expected no subretinal fibrosis. All nine cases were
confirmed by PS-OCT, as neither a birefringent signal nor optic axis uniformity was present.
Fig. 6.3 shows the images of a patient with no suspected fibrosis and PS-OCT confirming this
absence of fibrosis.

6

Fig. 6.3. The left eye of a patient suffering from neovascular AMD with no suspected subretinal
fibrosis. (A) fundus image; (B) OCT intensity image (colorscale: 0-33 dB); (C) cumulative
retardation image (in rad), (D) local birefringence image (in °/µm), (E) optic axis uniformity image.
Note the absence of significant birefringent signal in the lesion in scans (C) and (D) as well as the
lack of optic axis uniformity in (E) in the PS-OCT images, confirming the absence of fibrosis within
this lesion (delineated with red solid line). The elevated birefringence in the lower nasal side
(delineated with red dashed line) on the scans signifies the sclera (which is also highly birefringent
with a resulting high optic axis uniformity). High signal in OAxU from RNFL is indicated by a
black arrow.

Fig. 6.4. The left eye of a patient suffering from multifocal choroiditis with doubt among the three
retinal specialists (two positive, one negative) as to the presence of subretinal fibrosis. (A) Fundus
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image; (B) OCT intensity image (colorscale: 0-33 dB); (C) cumulative retardation image (in rad); (D)
local birefringence image (in °/µm); (E) optic axis uniformity image. Scleral tissue was delineated
with red dashed lines. High signal in OAxU was indicated by a black arrow. Note the elevated
birefringent signal in scans (C) and (D) and high optic axis uniformity in (E) in the PS-OCT images
(red arrows), indicating the presence of fibrosis.In a total of seven eyes, the retinal specialists

were either in doubt or in disagreement on the presence of subretinal fibrosis. Of these
seven eyes, PS-OCT showed a birefringent signal and high optic axis uniformity in four,
signifying the presence of fibrosis, and neither a birefringent signal nor optic axis
uniformity in two eyes, signifying the absence of fibrosis.

6

Fig. 6.5. The right eye of a patient suffering from neovascular AMD with doubt among the three
retinal specialists as to the presence of subretinal fibrosis. (A) fundus image: (B) OCT intensity
image (colorscale: 0-33 dB); (C) cumulative retardation image (in rad); (D) local birefringence image
(in °/µm), where the speckled, highly fluctuating behavior (delineated with a solid red line) was
attributed to depolarization due to stronger pigmentation; and (E) optic axis uniformity image.
Despite the local birefringence showing significant signal the scan was judged negative, because
neither OAxU nor cumulative birefringence support the indication by local birefringence. The
elevated birefringence in the lower right part on the scans signifies the sclera (which is also highly
birefringent with a resulting high optic axis uniformity).

In one eye, the PS-OCT scan was deemed inconclusive due to the low quality of the scan and
the resulting low signal-to-noise ratio. Fig. 6.4 and 6.5 show examples of these seven eyes.
Although elevated birefringence and high optic axis uniformity were found that indicated
SRFib as shown in Fig. 6.4, the same could not be identified in the case presented in Fig. 6.5.
Based on PS-OCT data a two-dimensional en face projection can be created. As a first
example, Fig. 6.6 shows the en face image of the same patient as shown in Fig. 6.1. A volume
of 100 pixels (≈ 400 µm) below the inner limiting membrane (ILM) was chosen from one data
set and the median of the cumulative DPPR along the A-scans was used for the projection,
which in this particular case approximately included the RPE but excluded the sclera. The
fibrotic lesion was highlighted by OAxU and the intensity en face image where more than 30%
of the segmented pixels had an OAxU value of 0.70 or higher. The heterogeneous distribution
of fibrosis within the lesion can be appreciated in Fig. 6.6C
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Fig. 6.6 En face views of the left eye of a patient suffering from neovascular AMD and suspected
fibrosis. (A) fundus image; (B) overlay of en face OCT intensity image with scar highlighted by
OAxU; and (C) en face phase retardation image. Note the birefringent signal in parts of the lesion
in scan C, delineating the heterogeneous presence of fibrosis within the lesion. A movie of the Bscans of the volume of (B) can be viewed in the supplementary material of the journal article.

6

6.4 Discussion
In this proof-of-concept study, we have demonstrated the diagnostic capabilities of PS-OCT
in finding and delineating subretinal fibrosis in retinal neovascular pathology. We successfully
scanned 29 eyes with retinal pathology using PS-OCT, and in 27 of them the presence or
absence of fibrosis was concluded.
There is currently no gold standard for detecting subretinal fibrosis in retinal lesions. The
presence of fibrosis can be suspected by retinal specialists with the evaluation of fundus images
or conventional OCT scans, in combination with clinical information such as visual acuity
[12]. In some instances however, the presence or absence of fibrosis is very difficult to define
for retinal specialists, as lesions may be very heterogenic. This study illustrates this problem,
as in seven out of 29 eyes the retinal specialists could not reach consensus of the presence of
SRFib (Table 5.1). PS-OCT makes use of the birefringent properties of fibrosis to establish its
presence, offering an additional and potentially more reliable detection method [25, 26].
In most cases with a birefringent signal, the fibrotic lesions showed a spatially
heterogeneous patchy structure rather than a uniform birefringent layer. Those correlate with
the occurrence of yellow-whitish lesions in the fundus images and formation of a
hyperreflective layer in the structural images (in clear cases) but show more details of the local
distribution of fibrotic tissue. In cases which were graded doubtful by the retinal specialists
but positive on PS-OCT, birefringent material could be found even if yellow-whitish lesions
were not recognized by the retinal specialists. Thus, these patterns do not match exactly and,
especially in doubtful cases, can lead to misinterpretations. The occurrence of the patchy
structures is similar to what has been reported earlier by Roberts et al. [26] and could reflect
an irregular pattern of inflammation and healing processes. The development of subretinal
fibrosis is similar to that of fibrosis in other parts of the body; tissue inflammation causes the
release of mediators recruiting inflammatory cells and fibroblasts. Neovascularization triggers
a similar process, and especially after repeated injury/inflammation a fibrotic scar will remain
[6]. This scarring is then likely to resemble the local inflammation and neovascularization [49].
The three image modalities, cumulative DPPR, local birefringence and OAxU, can
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together be used in complementary ways due to their different advantages and disadvantages.
Cumulative DPPR and OAxU were more sensitive to recognizing weak birefringent structures.
This was particularly helpful in doubtful cases: if fibrosis could not be found with the local
birefringence signal but OAxU showed high signal and it could be confirmed with cumulative
DPPR, then it was still judged positive. In Fig. 6.2C a moderate increase of DPPR above the
noise floor can be seen whereas hardly any signal changes can be recognized in 6.2D. OAxU
shows again a significant signal in an area that could be attributed to the existence of fibrotic
tissue. In addition to its good sensitivity to low birefringence, OAxU can also be applied for
axial localization of birefringent structures. Despite their good sensitivity, OAxU and
cumulative DPPR could only be used for binary decisions whether fibrotic tissue is present or
not. Local birefringence calculation, on the other hand, offers potential for the quantification
of birefringent tissue [40].
Including the local contrast modes (OAxU [41-43] and local birefringence [40]) in
addition to cumulative DPPR as published in previous work [20, 26, 27, 50] allowed better
evaluation of the extent of fibrotic lesions in depth and made the judgement regarding the
presence of SRFib more reliable. OAxU and local birefringence are also more convenient to
use: cumulative DPPR images are in general harder to interpret for clinicians due to their
shadow-like artifacts below the actual birefringent material whereas the axial confinement of
local birefringence and OAxU offers a more intuitive way of displaying and judging results.
In addition to structural and birefringence images of B-scans and the diagnosis of fibrosis
with the above-mentioned criteria, the PS-OCT data can also be applied to en face projections
such as shown in Fig. 6.6 to help mapping out the extend of fibrotic lesions and provide
additional value for clinical diagnostics. En face images of the fibrotic lesion can be created,
provided that the birefringent signals from RNFL and sclera are excluded from the projection.
In Fig. 6.6 a projection depth was chosen which included the signal from the fibrotic tissue
but excluded the sclera. The birefringent signal in the RNFL is weaker and in this example
completely dominated by the signal from the fibrotic tissue. To standardize this method, a
robust segmentation is required to exclude scleral tissue as it can for example be seen in the
lower right part of Fig. 6.5C. If weak signals are to be analyzed (especially for quantitative
analysis) such as in Fig. 5.2, segmentation and exclusion of the RNFL might also be necessary.
In conclusion, this study has shown that PS-OCT, and especially the local birefringence
and OAxU, provide a novel contrast mechanism for detecting subretinal fibrosis within retinal
neovascular lesions. There was a high agreement among the evaluation of the three retinal
specialists regarding the presence of SRFib and a birefringent signal in combination with high
OAxU within a lesion when using PS-OCT. In cases where the retinal specialists were in
disagreement or decisions were inconclusive, PS-OCT could provide additional information
to guide the diagnosis. PS-OCT could be used to evaluate how fibrotic scars within the retina
develop over time by monitoring patients over the course of several months or years. This can
provide invaluable insight into the development of SRFib in the presence of a CNV and to
contribute to investigating the effects of various treatment options on the development of
fibrosis. Furthermore, PS-OCT can be a very interesting tool for quantification of
birefringence and might also be of interest for the investigation of other pathologies such as
glaucoma, that affect the disease the RNFL tissue and the embedded birefringent nerve fibers.
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6.5 Supplementary Material
In the following section complementary details on the in-house built polarization sensitive
OCT system and its improved post-processing of the acquired data specifically designed for
this study, are described.

6.5.1 Overlay of the depth multiplexed polarization state images

6

In order to determine the birefringence parameters of a sample, the sample is probed with two
orthogonal polarization states and in the detection the signal is split into two orthogonal
detection channels. The different input states are created in a polarization delay unit where,
after being separated by a polarization beam splitter, the states are delayed in time before being
sent to the sample (the retina). The time delay between the different input polarization states
creates a depth displacement between their images. During the PS-OCT data processing this
displacement needs to be determined and compensated. The depth displacement calculation
was done by computing the autocorrelation from the Fourier transform of the squared real
valued OCT signal in spectral domain: 𝐴𝐶 = 𝐹𝐹𝑇{𝑆(𝑘)2 }. The autocorrelation was averaged
over a full B-scan yielding a clear peak representing the displacement between the input
polarization states. Sub-pixel accuracy was achieved by computing the center of mass of the
autocorrelation peak 𝑝. To compensate this depth delay, the image of the delayed polarization
state was shifted to the same depth position as the image from the non-delayed polarization
state by applying a complex phase ramp to the spectral domain signal: 𝑆(𝑘) ∙ exp[𝑖2𝜋 ∙ 𝑝/𝑛]
with 𝑛 the index number of the wavenumber samples.

6.5.2 PS-OCT post-processing improvements
The correction of system polarization distortions including PMD of the PS-OCT
measurements has been described previously [35]. Here improvements for an automated
judgement on the quality of the correction functions are described for a more robust use in
clinical practice. Correction functions were determined across 15 spectral bins. Automated
feedback of the correction was used to help the user choose an optimal B-scan from which
the corrections could be computed and was based on criteria described subsequently. In order
to eliminate polarization distortions in the optical path from the retina to the detector, the
surface polarization state at the vitreous humor-retina interface must be determined. It has
been found that the detection of the interface is more robust if the degree of polarization
uniformity (DOPU)[44] from uncorrected data is used in comparison to intensity images. In
addition, areas where the signal is weak (e.g. by beam clipping) were excluded from surface
state detection through thresholding of the skewness of the distribution of intensity data of
the A-lines. The skewness was found to be a good indicator whether a signal was recorded
which can be discriminated from the noise floor. Next, a sufficient amount of pixels with
significant phase retardation (>0.1 rad) is necessary to build up statistical ensembles to
determine the correction functions for the remaining system distortions. It has been found
empirically that pixel numbers above 20 000 suffice and thus, neighboring B-scans are included
in the ensemble if less pixels are counted in a single B-scan. The correction functions are
extracted from the eigenvector elements for each pixel which can be described as [35]:

98

Chapter 6 | Subretinal Fibrosis Detection using Polarization Sensitive Optical Coherence Tomography

v   (k )  ei ( k '  ( k ))
v
v(k )   11 12   
0
v21 v22  

1

0  x(k )  y(k )   s1 0 
 


1   y(k ) x(k )   0 s2 

(6.1)

where α(k) is the amplitude ratio between the two input states, k the wavenumber, γ’ the
residual displacement after overlap of the depth-multiplexed images, ρ(k) the phase difference
between
vertical
and
horizontal
field
components
before
the
PDU,

[ x(k ),  y(k ) ; y(k ), x(k ) ] is a Unitarian matrix including the incoming path and a standard
rotation matrix, and s1 and s2 are complex scalars needed for eigenvector normalization. Eq.
(6.1) was used to determine α(k) and the amplitudes of s1, s2, x(k) and y(k) using histograms
of the amplitudes of the eigenvector components under the assumption that each is
represented by a monomodal distribution where the maximum reflects the expectation value.
Depending on the selected B-scan it can deviate from this ideal case, e.g. if the relative optical
axis orientations are diverse and induce multimodal distributions. This effect is checked by a
fit of a Gaussian distribution to the histograms and the R2 values are computed for those fits
and displayed to the user. It was found empirically that R2 values above 0.95 indicated that the
histograms from the selected B-scan(s) could be considered monomodal distributions and that
they were suitable for a robust determination of the correction parameters. In addition the
phase functions  (k )  arg  x(k )  y(k )  ei ( k    ( k ))

 and XY (k )  arg  x(k )  y(k )  were

determined. For physically meaningful results those functions should only show low to
moderate oscillations across the spectrum, which was checked with the tortuosity parameter
T=L/C with the length L of the curve and the distance C between first and last point. If T was
below a value of 2 the correction functions were found to be reliable. These criteria were used
to choose a suitable B-scan for the calibration of the polarization distortion compensation
which was then applied to all B-scans in a full volume.

6.5.3 Visualization of local birefringence
The visualization of local birefringence was implemented according to Villiger et al. [40] in
which the original measurements in the Jones space are converted to Mueller space. In this
method spatial averaging (3 in depth by 7 lateral pixels 16.2 μm by 21 μm) of the Mueller
matrices was used and birefringent parameters were extracted from the differential Mueller
matrices over one pixel in depth (5.4 μm in air) and converted to a birefringence vector. This
vector was averaged with a second spatial filter of 10 by 20 pixels. For OAxU [42, 43]
calculation a two-dimensional kernel of 10 by 20 pixels was used.
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