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Abstract

The aim of this thesis was to develop a Polarization Sensitive Optical Coherence Tomography (PS-OCT) device for ocular imaging in the 1 μm wavelength range and to explore its
capabilities to image healthy subjects and patients with various retinal disorders.
PS-OCT set-ups working in the 840 nm range have been used in several clinical studies, for
examining different retinal pathologies. Especially the segmentation of the retinal pigment
epithelium (RPE) based on PS-OCT data shows advantages in cases of age related macular degeneration (AMD) in comparison to segmentation based on intensity images from
commercial OCT systems.
OCT imaging in the 1 μm wavelength region has recently gained popularity for ophthalmic
applications due to the fact that it is perfectly suitable for enhanced visualization of choroid
and sclera. This is due to decreased scattering and absorption in the RPE with increasing
wavelength and due to the local absorption minimum of water (the vitreous of the eye
consists mainly of water) for wavelengths around 1060 nm. An additional advantage is
that a higher imaging quality in patients with corneal haze or cataract can be achieved
when using OCT systems working at 1 μm.
In this work we combine the advantages of PS-OCT imaging with the enhanced penetration
depth of the 1 μm wavelength range for acquiring intensity, retardation, axis orientation and
degree of polarization uniformity (DOPU) images of choroid and sclera.
As a ﬁrst step different PS-OCT set-ups working at 1060 nm were developed and a comparison regarding set-up parameters and imaging performance was accomplished. The two
different set-ups that were built and investigated were a spectrometer based Fourier Domain
OCT set-up and a swept source Fourier Domain OCT set-up. The swept source set-up was
tested with two different light sources, a commercially available swept source laser (AScan rate of 100 kHz) and a prototype of a Fourier Domain Mode Locked (FDML) laser
(A-Scan rate of 350 kHz). All three conﬁgurations were used for test imaging in healthy
human volunteers and the set-up with best performance for clinical imaging was developed
further.
A further goal of this work was to develop a novel algorithm for automated segmentation
of the choroidal thickness based on PS-OCT data. For that purpose already existing algorithms for segmenting the RPE based on DOPU values were used for deﬁning the anterior
border of the choroid while a novel algorithm was developed for deﬁning the choroid-sclera
interface based on birefringence data. A small study in healthy human volunteers was performed, where the reproducibility of the thickness measurements based on PS-OCT data
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was tested.
In a last step the suitability of the developed set-up for imaging in patients with different
retinal diseases was examined.
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Kurzfassung

Ziel dieser Dissertation war es ein polarisationssensitives optisches Kohärenztomographie
Gerät (PS-OCT), das bei einer zentralen Wellenlänge von 1 μm arbeitet und für die diagnostische Anwendung am Auge optimiert ist, zu entwickeln und an gesunden Probanden
und Patienten zu testen.
PS-OCT Geräte, die bei einer zentralen Wellenlänge von 840 nm arbeiten, wurden in der
Vergangenheit in verschiedenen klinischen Studien eingesetzt. Dabei konnte gezeigt werden, dass bei der Segmentierung des depolarisierenden Retinalen Pigmentepithels (RPE)
bei Patienten mit altersbedingter Makuladegeneration (AMD) bessere Resultate erzielt
werden, basierend auf Daten von PS-OCT Systemen, als basierend auf Daten von kommerziell erhältlichen OCT Geräten.
OCT Geräte, die bei einer zentralen Wellenlänge um 1 μm herum arbeiten, ﬁnden in den letzten Jahren vermehrt Einsatz in der Augendiagnostik, weil sie eine bessere Visualisierung
der Schichten hinter der Netzhaut (Choroidea und Sklera) ermöglichen. Der Grund hierfür
ist das Licht mit größeren Wellenlängen im RPE weniger stark gestreut und absorbiert wird.
Außerdem hat Wasser, der Hauptbestandteil des Glaskörpers, ein lokales Absorptionsminimum bei 1060 nm, wodurch der Wellenlängenbereiche nochmals zusätzlich vorteilhaft
wird. Erste Untersuchungen mit OCT Geräten, die in diesem Wellenlängenbereich arbeiten, haben außerdem gezeigt, dass bei Patienten mit Katarakt und Trübungen in der
Kornea eine bessere Bildqualität erzielt wird.
Mit den im Zuge dieser Dissertation entwickelten 1 μm PS-OCT Systemen werden die
Vorteile von PS-OCT mit den Vorteilen des 1 μm Wellenlängenbereichs kombiniert, um so
die Polarisationscharakteristik von Choroidea und Sklera besser untersuchen zu können.
Insgesamt wurden 3 verschiedene 1 μm PS-OCT Systeme entwickelt, an gesunden Probanden getestet und die Systemparameter mit Fokus auf Eignung für Patientenmessungen
evaluiert. Das geeignetste System für Patientenmessungen wurde dann für weitere Arbeiten herangezogen.
Ein weiteres Ziel dieser Arbeit war es einen automatisierten Algorithmus zur Bestimmung
der Choroideadicke basierend auf PS-OCT Daten zu entwickeln. Dazu wurden bereits
bestehende Algorithmen zur Segmentierung des RPEs adaptiert und ein neuer Algorithmus
zur Segmentierung der CSI (Choroidea-Sklera-Interface) entwickelt. Dieser Algorithmus
macht sich zunutze, dass die Choroidea größtenteils polarisationserhaltend ist, während
die Sklera doppelbrechende Eigenschaften zeigt, wodurch es möglich ist, diese beiden
Schichten anhand ihrer Polarisationseigenschaften zu unterscheiden. Eine Pilotstudie zum
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Thema Choroideadicke in gesunden Probanden wurde durchgeführt, wo die Reproduzierbarkeit der Ergebnisse des neue Algorithmus getestet wurde.
Weiters wurde eine Pilotstudie mit dem entwickelten PS-OCT Gerät an Patienten mit unterschiedlichen Augenerkrankungen durchgeführt, um erste Aufschlüsse zu erhalten, bei
welchen Erkrankungen das neue System Vorteile gegenüber anderen OCT Systemen zeigt.

CONTENTS
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1

Introduction

Optical coherence tomography (OCT) is a non-invasive imaging modality for recording
three dimensional data sets of transparent and translucent samples [1, 2]. OCT is in principle based on interferometry with low-coherent light sources and provides high resolution
depth-resolved images based on the light back-scattered from the sample. During the last
two decades OCT gained high popularity in the ﬁeld of biomedical imaging and in various
ﬁelds of medical diagnostics, due to its non-invasive characteristics. The ﬁrst application
ﬁeld of OCT was ophthalmology, where OCT revolutionized retinal imaging and diagnostics [3, 4]. Presently available commercial OCT devices for retinal imaging normally
operate in the 840 nm wavelength regime and show imaging speeds beyond 20 kA-lines/s
and achieve an axial resolution in the order of 5 μm. With these devices it is possible
to acquire high-quality images of the retina, from the inner limiting membrane down to
the retinal pigment epithelium (RPE). Presently commercially available OCT systems still
have two deﬁcits: (i) The acquired images are only based on back-scattered intensity from
the sample which does not provide tissue speciﬁc contrast. (ii) Imaging of deeper layers,
like choroid and sclera, is hindered by absorption and scattering of the sampling light in
the RPE [5].
During the work conduced for this thesis we want to overcome those two shortcomings
by developing a Polarization Sensitive (PS)-OCT [6, 7] set-up working at a central wavelength of 1060 nm [8, 9]. PS-OCT, a functional extension of OCT, takes advantage of
the additional information carried in the light’s polarization state. Thereby, PS-OCT is
able to identify tissue structures according to the way they change the polarization state
of the sampling beam. In the ocular fundus, we can in principle observe three different
types of interaction between tissue and the polarized sampling light. There are birefringent structures like the retinal nerve ﬁber layer [10, 11], Henle’s ﬁber layer [12, 13] and
the sclera [14, 15], where orthogonal polarization states travel with different speed, while
traversing the tissue. There are depolarizing tissues like the RPE, choroidal melanoma and
naevi [13, 16, 17], which scramble the polarization state of back-scattered light and there
are polarization preserving layers like photoreceptors, which do not alter the polarization
state of the sampling beam. The additional identiﬁcation of different tissue types, based on
PS-OCT data, provides a valuable tool for clinical applications in order to examine pathological changes in the ocular fundus [18–20]. The second shortcoming mentioned above
can be overcome by using longer wavelengths for sample illumination, since scattering and
absorption decrease with increasing wavelength of the sampling beam [8,9]. The optimum
wavelength regime for OCT imaging beyond the RPE is around 1060 nm where scattering
and absorption of the RPE are reduced and water absorption in the ocular vitreous has a
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local minimum [21, 22]. The use of this wavelength allows for imaging of the choroid
and sclera and enables visualization of the choroid-sclera interface (CSI). Segmentation of
the CSI is important for measuring 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 (ChT) by this technique (e.g. [23–25]). With combining the longer wavelength
and the polarization sensitive imaging we expect to create a valuable tool for further studying choroidal and scleral morphology in healthy subjects and patients in-vivo. Beside that
we expect to make the clinical advantages of imaging with PS-OCT available to patients
with cataract and other media opacities, since in those patients imaging quality is very
limited for PS-OCT and OCT systems working at center wavelengths of 840 nm [23].
Additionally we plan to use PS-OCT at 1060 nm for improving the measurement protocols
for choroidal thickness (ChT) measurements in clinical studies. So far ChT measurements
are done in most studies [23–25] by manually segmenting the two borders of the choroid,
namely the RPE and the CSI. This manual segmentation is not only time consuming and
largely subjective, but it is also conducted based on intensity data, which provides no tissue
speciﬁc contrast. Since the choroid is mainly polarization preserving and the sclera shows
birefringence, we expect a better differentiation between those two tissue layers when using
PS-OCT at 1060 nm. Beside that automated segmentation of the RPE, based on PS-OCT
data has been shown before at 840 nm [26] and can be implemented for 1060 nm too. Based
on the additional tissue speciﬁc contrast acquired by PS-OCT, an algorithm for automated
ChT measurements can be developed, to overcome the above mentioned shortcomings of
manual segmentation.
Within the framework of this thesis different PS-OCT set-ups at 1060 nm were designed
and built and their performance and characteristics for retinal imaging in healthy volunteers
was examined and compared. The most suitable set-up was then chosen for further studies
in patients and for developing the mentioned polarization characteristics based automated
segmentation algorithm for choroidal thickness.
The basis of this thesis are three articles that contain the scientiﬁc output of the work
conducted during this PhD thesis.
The thesis itself is organized the following way:
In chapter two the basic physical principles behind OCT are explained, different OCT
set-ups are introduced and PS-OCT and its advantages for ophthalmic diagnostics are discussed. Additionally a brief overview about the human eye, with a special focus on pathological changes in retina, choroid and sclera is given.
In chapter three all set-ups built in the course of this thesis are described, in-vivo images
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of healthy human volunteers acquired with the set-ups are presented and the suitability of
the different set-ups for retinal imaging is evaluated.
Chapter four presents images acquired in patients using the set-up with the best performance and describes the developed algorithm for choroidal thickness measurements.
Chapter ﬁve summarizes the presented work and gives an outlook about possible future
directions of ophthalmic PS-OCT imaging with devices working in the 1 μm wavelength
range.
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Basics and principles1

2

In this chapter the basic physical principles and mechanisms behind OCT and their mathematical description are presented. Different commonly used set-up types are described
and standard parameters for characterizing OCT set-ups are introduced. Beside that the
theoretical background for PS-OCT is given and its relevance for clinical diagnostics in
ophthalmology is explained. Additionally a short summary about the human eye, with
a focus on retina, choroid and sclera and typical pathological changes in these layers, is
presented.

2.1

Electromagnetic waves and their mathematical description

OCT as optical method is based on the interference of light from low coherent light sources,
which can be in general described as electromagnetic wave. Electromagnetic waves are
transporting energy and momentum, while traveling through time and space and can be
 (x,t) for the magnetic
described by the two orthogonal vectors E (x,t)for the electric and H
ﬁeld at a certain time t and a certain point x in space. The relation of these two vectors is
given by the Maxwell equations, which lead in a homogenous media to Equation 2.1 and
2.2, known as the electromagnetic wave equations
∇2 E (x,t) −

ε μ ∂ 2 E (x,t)
=0
c2
∂t 2

(2.1)

 (x,t) −
∇2 H

 (x,t)
ε μ ∂ 2H
=0
c2
∂t 2

(2.2)

with c (speed of light in free space), e (speciﬁc conductivity) and m (magnetic permeability). For further explanations we just use the electric ﬁeld vector, since the magnetic ﬁeld
vector is described by a similar function, which oscillates perpendicular to the electric ﬁeld
vector. All electric ﬁelds fulﬁlling equation 2.1 are oscillating vector ﬁelds, which travel
with a velocity v = √cε μ through space. In free space where e = m = 1, the propagation
velocity of electromagnetic waves is equal to the vacuum speed of light, while in media
the propagation speed is slowed down to a fraction of the vacuum speed of light and is
√
expressed with using the refractive index n = ε μ and v = nc .
For the following descriptions we further concentrate on the harmonic planar wave, which
1 Chapter 2.1 and 2.2 are essentially based on the description of the theory of electromagnetic waves given

in [27,28]. Chapter 2.3 is essentially based on descriptions of OCT set-ups from [29] and Chapter 2.4 is based
on explanations from [30, 31].

2.2 Interference
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is one possible solution of Equation 2.1. In general planar harmonic waves can be described
by Equation 2.3
 


xs
E (x,t) = A cos ω t −
+δ
c

(2.3)

where E (x,t) remains unchanged when we use xs + λ instead of xs or when t is replaced
by t + λc . w is called the angular frequency, x describes theposition of a point in space,

while s points in the propagation direction. The term ω xcs + δ can be replaced by the
scalar function g, which connects points of equal phases, which in general are know as
wavefronts. The wavelength l is connected to w by λ = v 2π
ω .
For further simplifying the mathematical description complex exponential functions can be
used instead of trigonometric functions.

E (x,t) = Re Ẽ (x) e−iωt

(2.4)

Equation 2.4 describes how the mathematical description by complex functions is connected with the one shown in Equation 2.3, where Ẽ (x) is the complex amplitude described
in Equation 2.5.
Ẽ (x) = A (x) eig(x)

(2.5)

For a mathematical description of OCT and the principles behind it, a monochromatic approach as used so far is not sufﬁcient. Therefore we extend the description to polychromatic
light, which can be done with the expression shown in Equation 2.6.

E (x,t) = Re

⎧ ∞
⎨ˆ
⎩

A (x, ω) e−i[ωt−g(x,ω)] dω

⎫
⎬
⎭

(2.6)

0

In general Equation 2.6 describes a superposition of several monochromatic planar, harmonic waves, with different frequencies. Since the wave equations are second order homogeneous linear partial differential equations, every superposition/linear combination of
solutions of the equation is a solution too.

2.2

Interference

In OCT polychromatic electromagnetic waves are split into two beams and are superimposed again after traveling different optical path lengths. The measurable intensity (electric
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ﬁeld vectors cannot be measured experimentally) of the resulting wave, which is the sum
of the two original waves, shows interference under certain circumstances. As interference
we understand, that the intensity of the two superimposed waves varies around the sum
of the intensities of the single waves and is at certain points in space higher and in other
points lower than the sum of the intensities. For understanding this phenomenon, we need
to take a closer look at Equation 2.7, where the relation between intensity and the electric
ﬁeld is described.
c
I=
4π



ε  2
E
μ

(2.7)

In general the intensity is proportional to the temporal average of the square of the electric ﬁeld, which in case of an electric ﬁeld being the sum of two electrical ﬁelds leads to
Equation 2.8


2
∼
Isum = (E1 + E2 ) = I1 + I2 + 2Re {Γ12 (τ)}

(2.8)

with Γ12 (τ) being the cross correlation function and t being the time delay between the
two light beams, caused by the path length difference of the interferometer arms. Equation
2.8 shows that the sum of the measured intensity is not equal to the sum of the single intensities, which would be the sum of the squares of the electric ﬁeld vectors. Instead it is
equal to the square of the sum of the electric ﬁeld vectors , which leads to an additional binomial term. This binomial term is the reason for the observed interference phenomenon.
Interference can only occur when the superimposed waves are coherent or at least partially
coherent. A measure for the coherence is the real part of the complex degree of coher(τ)
√
, which is the normalized cross correlation function and allows to
ence γ12 (τ) = √Γ12
I1 I2
differentiate between three different types of light:
• If |γ12 (τ)| = 1 we have coherent light, which means that interference is possible for
all path length differences of the two interferometer arms.
• If |γ12 (τ)| = 0 we have incoherent light, which means that there is no interference
possible, for the light coming from the two interferometer arms.
• If 0 < |γ12 (τ)| < 1 we speak of partially coherent or low coherent light, which means
that interference is only possible, if the time delay/path length difference is below a
certain value (τ < τc ), which is know as coherence time of light τc .
With using the complex degree of coherence we can rewrite Equation 2.8 into the form
shown in Equation 2.9, which is known as the general law of interference for stationary

2.3 Optical coherence tomography set-ups
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optical ﬁelds. α12 is the phase angle and δ 12 the path length difference dependent phase
delay.
√
I = I1 + I2 + I1 I2 |γ12 (τ)| cos [α12 − δ12 (τ)]

(2.9)

In OCT we use partially coherent light sources, so interference signals can only be measured when sample arm and reference arm differ by less then the coherence length of the
source (Equation 2.10), which is inverse proportional to the full width half maximum bandwidth
of the used light source.

Dl

4ln2 λ02
lc =
π Δλ

(2.10)

So with changing the length of the reference arm, we can scan the whole depth of the
sample as further described in Section 2.3.2. We can determine the depth position of the
back reﬂecting layers, by recording the reference arm positions, where interference can be
observed. The overall intensity signal measured for a depth scan in a sample, with i back
reﬂecting layers at different depths is described in Equation 2.11.
√
I (τ) = IR + ∑ Ii + ∑ IR Ii |γRi (τ)| cos [αRi − δRi (τ)]

(2.11)

All parts in Equation 2.11 having an index R are caused by the light wave coming form the
reference arm, while components with an index i refer to the i-th layer of the sample.
In OCT we usually have very low intensities coming form the sample, which can only be
measured, because they are ampliﬁed by a much higher intensity coming from the reference
arm as shown in the right term of Equation 2.11.

2.3

Optical coherence tomography set-ups

2.3.1

Basics and principles of Time Domain OCT

As explained in the previous sections OCT is based on light from partially coherent light
sources, which is sent into an optical set-up consisting of an interferometer and a detection
unit. There are different interferometer designs dependent on the used OCT technology.
For explaining the basic principles of OCT we will start with a Time Domain (TD) setup [32, 33].
In TD-OCT set-ups, as shown in Figure 1, the reference arm length is changed over time
and the interference signal is recorded as function of depth(time) to produce a depth scan
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of the imaged sample. The light from the partially coherent light source is entering the
interferometer and is split into two light beams by a beam splitter as in all OCT set-ups.
One of the light beams is back reﬂected by a mirror on a movable mount(reference arm),
while the other one is back reﬂected from a sample (sample arm), before both are superimposed again. The superimposed light exists the interferometer and enters the detection unit
(detection arm). In TD-OCT the reference mirror position is changed over time, while the
interference signal is recorded. Since partially coherent light is used, interference signals
will only be recorded, when the mirror in the reference arm is at a position, where the
reference arm has an equal length as the sample arm. So with scanning the reference arm
over the whole depth and recording the interference signal, a depth proﬁle of the positions
of the different back reﬂecting layers in the sample can be generated.

Figure 1: Time Domain OCT set-up for retinal imaging consisting of: partially coherent
light source, interferometer (ﬁber based 50:50 coupler, polarization control, collimators),
sample arm (xy-scanner unit, 2 lenses in telescope conﬁguration), reference arm (DC =
dispersion compensation (glass prisms), NDF = neutral density ﬁlter, moving reference
mirror on translation stage), detection arm (detector), computer for data acquisition
In OCT imaging depth proﬁles are called A-scans and imaging speed is usually expressed

2.3 Optical coherence tomography set-ups
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as A-scan rate (A-scans/second). Since for TD-OCT mechanical scanning is necessary
for acquiring an A-scan, the imaging speed is restricted and the fastest TD-OCT set-ups
reached around some kHz [34]. For generating B-scans (two dimensional scans of a sample) the light beam is scanned over the sample with a xy-scanner unit and on each position
an A-scan is recorded. All A-scans together form the two dimensional B-scan and with also
scanning the light beam perpendicular to the B-scan, one can generate three dimensional
data volumes, consisting of several B-scans.
Depending on the application, different lens conﬁgurations are used in the sample arm.
The one shown in Figure 1 is for retinal imaging and therefore consists of a telescope
conﬁguration with two lenses that generate collimated light at the plan of the pupil, which
is focused on the retina by the cornea and the lens of the eye. For imaging skin or other
tissues only one lens is used instead of the telescope to focus the sampling beam on the
tissue.
In the reference arm we have beside the already mentioned mirror on a movable mount,
elements for attenuating the beam (neutral density ﬁlters) and for compensating dispersion
(glass prisms) if necessary.
The detection arm consists of a detector for registering the signal exiting the interferometer.
Finally, a computer is used for further processing the acquired signal and for generating an
image of the examined tissue.

2.3.2

Basics and principles of Spectral Domain OCT

The alternative Fourier Domain (FD) approach for OCT imaging mentioned before, which
was introduced in 1995 by Fercher [40], allows to acquire a depth scan with a single measurement, where no longitudinal scanning of the reference arm is necessary. The basic
principle behind it is that the interference phenomenon causing a change of average intensity in TD-OCT, causes also a change in the spectrum of the light. The spectrum of light
is modulated sinusoidally with frequencies that correspond to different path length differences of the two interferometer arms. Therefore examining the spectrum with a spectrometer allows to measure these modulations or to be more speciﬁc, the modulation frequencies,
and regain with a frequency analysis a depth resolved image.
The mathematical background for this is shown in Equation 2.12 and Equation 2.13. Equation 2.12 describes how the cross-correlation function Γi j (τ), which was introduced in
Equation 2.8 is related to the cross-spectral density Gi j (ω).
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Γi j (τ) = Ẽi (t + τ)Ẽ ∗j (t) = 4

ˆ∞
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Gi j (ω) e−iωt dω

(2.12)

0

Equation 2.13 is known as Wiener-Kintchine theorem for stationary optical ﬁelds, which
shows that the real-valued coherence function and the spectral density form a Fourier transform pair.

Ei (t + τ)E j (t) =



ˆ∞

Gi j (ω) e−iωt dω

(2.13)

−∞

Therefore the depth proﬁle of the sample can be generated by calculating an inverse Fourier
transform of the spectral data.
In general there are two possibilities to detect the spectral data, which is the spectrum and
the changes within the spectrum from the different modulation frequencies, caused by the
interference. One possibility, which was mentioned already, is to use a spectrometer, which
consists of a dispersive unit and a line scan camera and is described in detail in the next
section. Another possibility is to use a tunable source, which emits not the full spectrum of
light at once, but changes the emitted rather narrow wavelength bandwidth over time within
the spectral range. With acquiring the intensity with a photo-diode as function of time the
whole spectrum and its modulation can be acquired. More details about this technique will
be presented in Section 2.3.4.
An important fact to mention is that the Fourier Domain OCT design brings in comparison
to the Time Domain OCT design beside its advantages, when it comes to imaging speed and
sensitivity (see paragraph 2.3.5) a disadvantage when it comes to imaging range. First of
all the image is symmetrically around the zero delay, which is the position where reference
and sample arm have equal lengths. A layer with a certain positive distance to the zero
delay shows the same modulation frequency as a layer with the same negative distance
to the zero delay. Therefore it can not be distinguished between structures with the same
(positive or negative) distance to the zero delay, which creates mirror images. Detailed
explanations about the origin of mirror images and different approaches for suppressing
them can be found elsewhere (e.g. [41]). For thin objects like the retina this issue can be
overcome by positioning the sample only on one side of the zero delay and use only half
of the imaging depth. Additionally Fourier Domain techniques show a so-called roll-off,
which is a decrease of sensitivity with increasing distance to the zero delay (see paragraph
2.3.5).

2.3 Optical coherence tomography set-ups
2.3.3
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Spectral Domain OCT set-ups using spectrometers

As it is shown in Figure 2 the main difference between the TD set-up from Figure 1 and a
Fourier Domain set-up using spectrometers is that the reference mirror is ﬁxated and that
at the interferometer exit the photo-detector is replaced by spectrometer unit. The most
complex part of this set-up is the spectrometer unit and the post-processing needed, to
generate a correct depth resolved image of the sample. Every spectrometer unit contains a
dispersive element, like a diffraction grating or a prism. Since for the set-up built during
this thesis diffraction gratings were used, only this conﬁguration will be described in more
detail (Figure 2). Beside the grating a lens to focus the dispersed light onto the pixels of
the CCD line scan camera is needed.

The diffraction grating splits the light beam consisting of different wavelengths into its
constituents according to Equation 2.14, which is known as the grating equation with λ
being the incident wavelength and m being the order of diffraction. α and β are incident
and diffraction angle as shown in Figure 3 and G is the grating constant in lines/mm.
mλ G = sin α − sin β

(2.14)

The lens positioned after the grating, focuses the different wavelengths on the camera pixels
and for calculating which wavelength fraction is focused on which pixel Equation 2.15 is
used.
i
(2.15)
(λmax − λmin )
N −1
N is the number of pixels, i denotes the index of the observed pixel ranging form 0 to N-1
and λmin and λmax are the minimum and maximum emission wavelength reaching the CCD
camera.
λi = λmin +

So the intensity measured on the i-th pixel, is the intensity coming from the i-th wavelength
fraction. This allows us to acquire the intensity distribution of the spectrum as a function
of the wavelength. The speed of this acquisition is thereby determined by the line scan rate
of the camera, which is also the determining factor for the sensitivity, since the exposure
time is inverse proportional to the line scan rate.
It is necessary to convert the recorded intensity as function of wavelength into a function
presenting intensity over the wave number k, before an inverse Fourier transform can be
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Figure 2: Fourier Domain OCT set-up using a spectrometer for retinal imaging consisting
of: partially coherent light source, interferometer (ﬁber based 50:50 coupler, polarization
control, collimators), sample arm (xy-scanner unit, 2 lenses in telescope conﬁguration),
reference arm (DC = dispersion compensation (glass prisms), NDF = neutral density ﬁlter, reference mirror), spectrometer unit (diffraction grating, lens, CCD line scan camera,
computer for data acquisition)
conducted. With k being inverse proportional to λ rescaling is needed, because otherwise
the equidistant mapping in λ does not lead to an equidistant mapping in k. This can be
done by using Equation 2.16, which describes the new indexes for equidistantly located k
values [30].
⎡

inew =

N −1 ⎣ 1
+j
Q−1
Q



1 − Q1
N −1

−1

⎤
− 1⎦

(2.16)

and the new intensity values can
Thereby the index j ranges from 0 to N-1 and Q = λλmax
min
be generated by interpolating the original spectral data for the positions inew . With subsequently performing an inverse Fourier transform the full depth proﬁle of the sample can be

2.3 Optical coherence tomography set-ups

19

Figure 3: Sketch of a spectrometer unit using a transmission diffraction grating as dispersive element for splitting a collimated light beam into its different spectral components.
With a lens all spectral components are focused onto the pixels of a CCD line-scan camera.
retrieved. A factor that distorts imaging quality is dispersion, which can be compensated
by hardware [42] as shown in Figure 2 or by software as described in [43, 44].
2.3.4

Spectral Domain OCT set-ups using swept sources

In a swept source FD-OCT the complex part is the light source, while the detection unit
is simple in comparison to the FD-OCT set-up using spectrometers. With swept sources a
balanced detection scheme based on a Mach-Zehnder interferometer, as shown in Figure
4, is possible and allows to achieve higher sensitivities.
The post processing differs slightly from the one described in the previous section, because
in swept source OCT a full spectrum is not acquired instantly. Instead the spectrum is acquired in a certain amount of time, that depends on the sweeping rate of the swept source.
Since the sweeping over wavelength ranges is for most swept sources not linear in time,
but sampling of the detection unit is, the non-linearity of the sweep needs to be determined,
to obtain the intensity as function of k with equidistant spacing. This can be achieved by
recording a rescaling function or by k-clocking, which means that the sampling points acquired by the detection unit are not equidistant in time, but coupled to the timely sweeping
characteristics of the source. For the work presented here equidistant sampling in time
in combination with recording a rescaling function was used, since the prototype swept
source we used for some parts of the work presented here had no k-clocking.
One possibility for recording the rescaling function, which was also used for our work is
to use an additional common path interferometer, for acquiring an interferogram. Since we
have only one modulation frequency in this case, we can determine the non-linearity of the
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Figure 4: Swept Source Fourier Domain OCT set-up for retinal imaging consisting of:
tunable light source, Mach-Zehnder interferometer (two ﬁber based 50:50 coupler, polarization control, collimators), sample arm (xy-scanner unit, 2 lenses in telescope conﬁguration), reference arm (DC = dispersion compensation (glass prisms), NDF = neutral density
ﬁlter, reference mirrors), detector unit (dual balanced detector, computer for data acquisition)
acquired sweep, by examining the phase of the acquired signal. Details about this can be
found in [45].
A light source suitable for swept source OCT needs to fulﬁll certain requirements, which
are from a technical point of view quite challenging, which is the main reason, why swept
source OCT gained popularity only recently, because suitable sources became commercially available only a few years ago.
Suitable sources need to have high sweeping rates in order to achieve suitable imaging
speeds, broad wavelength ranges for sufﬁcient axial resolution, a narrow instantaneous
bandwidth and enough output power. State of the art commercially available sources for
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the 1060 nm region, which are suitable for swept source OCT reach 100 kHz with sweeping
ranges around 100 nm and ˜15 mW output power.

Another possibility beside using a commercially available light source for swept source
OCT is to work with self-developed swept sources like the one described in Chapter 3.2.2.
The design used here is a Fourier Domain Mode Locked (FDML) Laser and was ﬁrst presented in [38]. A scheme of a basic design of this laser type is shown in Figure 5. The
main parts of this light source are a semiconductor optical ampliﬁer (SOA), which generates a broad light spectrum and ampliﬁes light and a tunable ﬁlter, which cuts out narrow
wavelength ranges from the board light spectrum generated by the SOA. The tunable ﬁlter
is driven by a sinusoidal signal at its resonance frequency. The length of the resonator ring
needs to be matched to the ﬁlter so that the round-trip frequency of the light equals the
tuning frequency of the ﬁlter. This criterion can of course only be met for a certain wavelength range since other wavelengths are traveling with different speed due to dispersion
in the resonator cavity and have therefore different round trip frequencies. A possibility to
overcome this is to use chirped ﬁber Bragg gratings as described in [46,47]. Further details
about FDML lasers and a theoretical description about the principle can be found in [48].

Figure 5: Sketch of an FDML source consisting of ﬁber ring resonator with SOA: semiconductor optical ampliﬁer, ISO: optical isolator, FC: ﬁber coupler, DL: delay line, TF:
tunable ﬁlter, polarization control
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Parameters for characterizing OCT set-ups

When OCT set-ups and their performance are compared, one usually looks, depending on
the planned application, at several parameters of the system, namely resolution (transversal
and axial), sensitivity, roll-off, imaging speed and imaging range. For commercialization
the costs of the components of the set-up are additionally an important parameter, but this
is not considered here.

Resolution
In OCT the axial resolution or depth resolution is not coupled to the transversal resolution
as in other imaging modalities [49]. The axial resolution depends on the coherence length
of the used light source, which is inverse proportional to the bandwidth as described in
Equation 2.10. More speciﬁcally the axial resolution δ z is half of the coherence length
(Equation 2.17) for a Gaussian shaped spectrum and in commercially available OCT setups for ophthalmology working at a central wavelength λ0 around 800 nm the axial resolution is around 5 μm.
δz =

lc 2ln2 λ02
=
2
π Δλ

(2.17)

Equation 2.17 is valid for air and needs to be a adapted for biological samples, by dividing
through the refractive index of the sample, which leads to an improvement of the axial
resolution. Additionally dispersion has a negative effect on the axial resolution and can
substantially degrade the image quality, which is for the 1060 nm not as crucial as for 840
nm, since the dispersion caused by water (the main component of biological tissue) has a
minimum in that range [50].
For the set-ups presented in this work we are using a central wavelength of 1060 nm and
therefore a larger bandwidth is needed to reach similar axial resolutions. Since we are
working in the eye our effective bandwidth on the retina is limited by water absorption in
the vitreous, which shows a local minimum around 1060 nm, as shown in Figure 6 taken
from [51]. Therefore a resolution of 5 μm is more or less the theoretical limit for the 1060
nm range, when having 100 nm bandwidth and a Gaussian spectrum.
The transversal resolution is determined by the optics in the sample arm and the determining factors are the beam diameter d ( e12 width) of the collimated beam and the focal
length f of the lens focusing the beam on the sample. Additionally also the wavelength of
the probing beam has an inﬂuence on the transversal resolution as described in Equation
2.18 [52].
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Figure 6: Attenuation of light traveling through water in dB for different wavelengths
taken from [51]. A local minimum of absorption is located at 1060 nm and the effective
bandwidth for retinal imaging is around 100 nm.

δx =

4λ0 f
π d

(2.18)

Equation 2.18 is only valid if the lateral displacement of the light beam between adjacent
A-scan is less than δ x.
Sensitivity
Sensitivity is a parameter that deﬁnes the ratio between the intensity that is sent on the
sample and the minimal detectable intensity reﬂected from the sample. Since OCT allows
detection of very low back-scattered intensities, this value is usually expressed in dB and
experimentally measured sensitivities of OCT set-ups for retinal imaging range between
90dB and 100dB.
The minimal detectable back-reﬂected intensity from the sample depends on the noise
characteristics within the system and therefore the parameters contributing to noise need
to be further examined. In general there are three noise contributions in OCT, namely shot
noise, excess noise and receiver noise. Signal variations due to the different arrival times
of photons, which can be described using the Poisson distribution, are described in the
shot noise component. Excess noise covers the variance generated by the Bose-Einstein
characteristics of the photons generated by broadband light sources. The receiver noise
component is coming from the read-out and ampliﬁcation process.
The noise in an FD-OCT system is described by Equation 2.19 in case of a white noise
characteristic of all contributions [53].
σnoise =



2 +σ2
2
σshot
excess + σreceiver

(2.19)
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Since the normalization factor of the discrete Fourier transform is N1 the noise level is
reduced in FD-OCT in comparison to TD-OCT as in detail explained in [53–55].
To experimentally determine the sensitivity of an OCT set-up a mirror is placed in the
sample arm, to generate a sample with well deﬁned reﬂectivity of 1. In a second step the
intensity back-reﬂected from the mirror is reduced by a neutral density ﬁlter with an optical
density d (logarithmic unit). The sensitivity can then be calculated by using Equation 2.20,
which contains the squared signal amplitude of the coherence function and variance of the
noise signal.
 
I2
+ 20d
S = 10log
σ 2noise

(2.20)

Roll-off
As mentioned in Section 2.3.2 a roll-off is observed in spectral domain and swept source
OCT set-ups. In case of the SD-OCT this is mainly caused by the fact, that larger distances
between the different interferometer arms lead to modulations of the spectrum with higher
frequencies. Since the spectrometer pixels have a ﬁnite width and therefore consists of
discrete sampling points, the sampling of higher frequencies is less precise, because of the
variable spectral width (in wave numbers) of an individual pixel. A detailed analysis about
this and other parameters effecting the signal decay can be found in [56]. Typical roll-offs
for SD-OCT set-ups are around several dB/mm in the ﬁrst mm close to the zero delay.
For swept source set-ups the roll-off depends on the instantaneous line-width of the source
and is for commercially available sources rather low. With the here presented FDML Laser
the roll-off is higher, but with compensating for the dispersion in the cavity the roll-off
could be improved.

Imaging speed
Imaging speed is for spectrometer based set-ups limited by the speed of the line scan cameras and for swept source systems limited by the sweep rate of the used source. Increasing
the imaging speed shortens the time needed for a single measurement, which allows to
acquire nearly motion free retinal images and in lung, artery and skin imaging, it opens the
possibility to examine larger areas. The disadvantage of increasing the speed is on the other
hand, that the sensitivity decreases with increasing imaging speed, since in diagnostics the
maximum power on the sample is limited to ensure the the examined tissue is not damaged.
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Maximum power levels for different wavelengths and different tissues (e.g.: skin, eye) can
be found in the ANSI (American National Standards Institute) laser safety standards [57].

Imaging range
For imaging the retina the imaging range (maximum detectable path length difference/maximum
detectable modulation frequency) is not so relevant since it is a rather thin layer. For other
applications like measuring the anterior chamber or intravascular imaging, larger imaging
ranges are important, since the structures of interest are thicker.
For calculating the maximum imaging range of an OCT set-up the Nyquist limit has to be
taken into account, which states that the maximum detectable modulation frequency is half
of the detector sampling frequency [58]. The maximum imaging range zmax is given by
Equation 2.21 where δ λ is the spectrometer resolution (δ λ = Δλ
N ) with Δλ being the total
bandwidth, that is focused on the N spectrometer pixels [53, 59, 60].
zmax =

λ02
4δ λ

(2.21)

So for a given total bandwidth the maximum imaging range depends on the number of
pixels, which is for InGaAs cameras used in the 1060 nm wavelength range rather limited
(1024 pixel for the set-ups presented in this thesis).

2.4
2.4.1

Polarization sensitive OCT
Basics and principles

PS-OCT, a functional extension of OCT, allows to additionally measure alterations in the
polarization state of the light entering and interacting with the sample. There are several different designs for PS-OCT set-ups working with different entry polarization states,
different detection schemes, etc. [6, 61–64]. Since for the work presented here a method
based on the work published by Hee [6] was used, all further explanations are based on
that set-up. An image of the original PS-TD-OCT set-up by Hee is presented in Figure 7.
The main differences between a common OCT set-up and the PS-OCT set-up is that a well
deﬁned circular polarization state is needed for illuminating the sample and that the polarization state of light traveling through the set-up needs to be maintained. The additional
parts in the set-up to achieve this, are a polarizer (or PBS) before the interferometer, a polarization maintaining interferometer (can be realized with a free space set-up or by using
polarization maintaining ﬁbers), a quarter wave plate in the object arm to generate circular
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polarized light and a quarter wave plate in the reference arm to turn the linear polarization
state by 45 degrees, so that we have equal reference arm power for both detection units.
Additionally a polarizing beam splitter at the exit of the interferometer is needed, which
splits the light beam into a vertical and a horizontal polarization component and directs
them to two similar detection units.
Nowadays FD-PS-OCT set-ups are built by using either swept sources (see section 2.3.4)
or spectrometers (see section 2.3.3), but the basic scheme for detecting retardation characteristics of a sample with these set-ups is still the same as in the publication by Hee [6].

Figure 7: Sketch of a PS-OCT set-up taken from Hee et al. [6]
The signal detected in a PS-OCT set-up in each polarization channel is a coherence function, which consists of an amplitude (A1 (z), A2 (z)) and a phase (Φ1 (z), Φ2 (z)) information.
With this information the sample reﬂectivity can be calculated by using Equation 2.22,
which is similar to the reﬂectivity measured in conventional OCT [6, 65].
I(z) ∝ A21 (z) + A22 (z)

(2.22)

Additionally retardation (Equation 2.23) and birefringent axis orientation (Equation 2.24)
can be calculated [6, 65].
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A1 (z)
δ (z) = arctan
A2 (z)
θ=


(2.23)

π − ΔΦ
2

(2.24)

Retardation values are a good ﬁrst indicator for determining different polarization characteristics of tissue. In case of polarization preserving structures the back reﬂected light
is mainly in one polarization state (A2 (z)=max) and therefore we have low values in the
other state, which leads to phase retardation values close to zero. In case of birefringent
structures, different polarization states travel with different speed and therefore we observe
increasing retardation values with depth or in case of strong birefringent samples, retardation oscillations, which show a characteristic band structure. In depolarizing structure the
polarization state of the back-reﬂected light is scrambled and retardation values are therefore randomly varying in adjacent pixels. The birefringent axis orientation θ is an indicator
for the orientation of the fast axis within birefringent tissue.
Additionally to reﬂectivity, retardation and axis orientation so-called degree of polarization
uniformity (DOPU) [26] values can be calculated, which provide a quantitative information about polarization scrambling properties and are therefore very useful for polarization
based segmentation algorithms for depolarizing layers. More details about the DOPU parameters and the theory behind can be found in [26], but in general the calculation is based
on the Stokes vector elements described in Equation 2.25 and conducted with using Equation 2.26.
⎛
⎜
⎜
S=⎜
⎜
⎝

I
Q
U
V

⎞

⎛

⎟ ⎜
⎟ ⎜
⎟=⎜
⎟ ⎜
⎠ ⎝

A1 (z) + A2 (z)
A1 (z) − A2 (z)
2A1 (z)A2 (z) cos ΔΦ(z)
2A1 (z)A2 (z) sin ΔΦ(z)


DOPU = Q2m +Um2 +Vm2

⎞
⎟
⎟
⎟
⎟
⎠

(2.25)

(2.26)

In Equation 2.26 the locally averaged normalized Stokes vector element Qm , Um and Vm are
used, which are calculated within a rectangular evaluation window. For the calculation the
window is shifted over the image. Since OCT is a coherent detection method, the degree
of polarization (DOP) will always be 1 for a single pixel, but for depolarizing layers, the
polarization state of neighboring data points will be random, which makes DOPU values
a relevant parameter for OCT, while DOP values are irrelevant. Depolarizing tissues show
low DOPU values and birefringent and polarization preserving tissues show values close
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to one.
2.4.2

Polarization properties of the eye

Different layers in the eye show different polarization characteristics, which makes PSOCT an interesting tool for examining the eye and its polarization characteristics. Figure
8 taken from [66] shows a sketch of the human eye and the polarization characteristics of
different parts and layers.

Figure 8: Polarization characteristics of different layers in the eye: red = depolarizing
(Retinal pigment epithelium (RPE), iris pigment epithelium); green = polarization preserving (photo receptor layer, stroma of the iris pigment epithelium, conjunctiva); yellow =
birefringent (retinal nerve ﬁber layer, cornea, ciliary body, sclera, tendons) [66]
The area of interest for the work presented here is retina, choroid and sclera, where we
have sclera and retinal nerve ﬁber layer as birefringent structures, the RPE as depolarizing
structure and all other retinal layers as polarization preserving structures. The choroid
should be mainly polarization preserving, but PS-OCT measurement show depolarizing
structures in certain areas. It is assumed that the depolarization in the choroid is caused by
pigments, but this is currently under investigation. These different characteristics are also
well visible in Figure 9, where we see a data set from a healthy human volunteer acquired
with the set-up described in section 3.2.1. The image shows intensity, retardation, fast axis
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orientation and DOPU values and tissues like sclera and RPE can be very well identiﬁed
by their measured polarization characteristics. The birefringence in the sclera is caused by
the aligned collagen ﬁbers in the tissue, while the depolarization of the RPE is expected to
be caused by multiple scattering in melanin [67].

Figure 9: In-vivo PS-OCT images of the retina of a healthy human volunteer (single
frames) - Left top: Intensity (log scale), Right top: Retardation (color scale bar 0°-90°),
Left bottom: Axis Orientation (color scale bar 0°-180°), Right bottom: DOPU values
(color scale bar 0-1). Different layers like RPE and sclera can be well identiﬁed based on
their polarization characteristics

Different studies have been conducted in healthy human volunteers and patients for the
segmentation of the RPE based on PS-OCT data [20, 26, 68] in the past and conﬁrmed the
expected advantages of the technique.

2.5

The human eye

The devices built and described in this thesis were all designed for ophthalmic applications
with the aim to develop advanced tools for clinical diagnostics in ophthalmology. Therefore a few words about the human eye, its anatomy and different pathological changes in
retina and choroid are presented here.
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Anatomy and physiology

The healthy human eye shown in Figure 10, or more speciﬁcally the retina, is an organ
that detects visible light. The eye is ball-shaped and in average 24 mm long and can be
rotated by the 6 ocular muscles. The movement of the eye conducted by these six muscles
is of great importance for the visual acuity since the visual system in the brain is too
slow to process information if the images are moving across the retina at more than a few
degrees per second [69]. Therefore the eye movements are necessary to compensate for
head movements and ensure that the object of interest is focused on the fovea centralis, the
area in the retina with the highest density of cone photoreceptors.

Figure 10: Sketch of the human eye with descriptions taken from “Ian Hickson’s Description of the Eye” [70]
Before the light reaches the retina, it enters through the pupil passing the cornea, anterior
chamber, lens and the vitreous body. Thereby it is focused by the refractive system of the
eye, which consists of the cornea and the lens. The total refractive power of this system
is ˜60 dpt, where the cornea delivers the main part (˜43 dpt), while the variable refractive
power of the lens plays a major roll in focusing on objects at different distances. The
refractive power of the elastic lens can be changed by the ciliary muscles, which cause a
change of shape in the lens.
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There are three major layers in the eye, which are marked in different colors in ﬁgure 10.
The outer layer is the brous tunic, which consists of sclera and cornea and is marked in
white. The vascular tunic is formed by the choroid, iris and the ciliary body and is marked
in orange and the nervous tunic, which includes the retina is marked in yellow.
The retina itself consists of several layers, as shown in Figure 11, showing an histological
section of the human eye taken from [71], and in the in-vivo intensity OCT image shown
in Figure 12, which was acquired with the OCT set-up described in 3.2.1. Since the tissue
penetration depth of the 1060 nm set-up used for acquiring the image in Figure 12 is quite
high, also choroid and sclera are visible beside the retina.

Figure 11: Histological image of the posterior part of the eye - Retina, choroid and sclera
and their various layers (taken from [71])
The retinal layers from top (where the light is entering) to bottom are internal limiting
membrane (ILM), retinal nerve ﬁber layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear
layer (ONL), external limiting membrane (ELM), photoreceptor layer (PRL) and the retinal pigment epithelium (RPE). Generating an electrical signal from the incoming light is
the task of the outer segments of the photoreceptor layer, which is afterwards guided in the
RNFL to the optic nerve, that transports the electrical signals to the brain. The photoreceptor layer consists of rods, which are highly sensitive to light in general, but insensitive
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for colors, and cones, which allow the eye to distinguish between different colors. In the
center of the fovea centralis, the area responsible for sharp vision, an area only consisting
of densely packed cones can be observed in histological sections.
The RPE is a single cell layer with a high concentration of pigments and acts as a border
between the retina and the vasculature system in the choroid (blood-retina-border). Beside
that it has a function as a transport system for nutrients between the outer retinal layers
and the choriocapillaris, which is a layer of the choroid. The choroid itself is consisting of
several layers, namely Bruch’s membrane (BM), choriocapillaris (CC), Haller’s layer (HL),
Sattler’s layer (SL) and the suprachoroid (SC) [72]. The main function of the choroid is to
provide nutrition for the retina, but there are also theories that the choroid plays a major roll
in the thermoregulation of the retina and some studies in chicken suggest that the choroid
might participate in refractive adjustment as a slow accommodative mechanism [72].

Figure 12: OCT image of the posterior part of the eye (averaged B-Scan in log scale)
consisting of retina (ILM, RNFL, GCL, IPL, INL, OPL, ONL, ELM, PRL, RPE), choroid
(BM, CC, SL, HL, SC) and sclera. Further descriptions can be found in the text.
The sclera, which is the layer beyond the suprachoroid, consists mainly of collagen ﬁbers
and has as outer layer of the eye a protective role. Recently the role of the sclera and its
bio-mechanical properties in different eye diseases (e.g. glaucoma) have gained interest
and some studies have been performed [73].
2.5.2

Diseases affecting the choroid and sclera

There is a special interest for using the PS-OCT device developed during this work in the
future for further studying the choroid and sclera in general and diseases that inﬂuence
these two layers. Since the expected advantage of the 1060 nm PS-OCT set-up is a higher
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penetration depth, an improved visualization of these two layers should be possible with
this novel device. Many of the common severe diseases of the retina are related to or
associated with changes in the vasculature and therefore the circulatory system of the eye
is of major interest. With the choroid presenting the main part of the circulatory system of
the eye, this layer is of major interested when studying the circulatory system [74].
Diseases where the choroid is involved are, e.g. chorioretinits, which is a inﬂammation
of choroid and retina, choroideremia, which is a degeneration of the choriocapillaris, and
choroidal neovascularization, which is an immoderate generation of new choroidal blood
vessels. In most of the diseases affecting the choroid, the retina is involved in a later step
too and the degeneration of the retina is what usually leads to vision lost, etc.
A factor that can be measured by OCT, which might be a suitable precursor for pathological changes, is the choroidal thickness. Many studies regarding this topic are conduced
at the moment and so far a correlation between choroidal thickness and high myopia, diabetic retinopathy and central serous retinopathy has been shown [23–25]. Beside that it has
been shown that choroidal thickness varies related to age [75] and in a recent study small
diurnal variations were observed and described as well [76]. One challenge with studies
about choroidal thickness measured by OCT is, that there is no explicit procedure for measuring choroidal thickness in OCT images at the moment. The main difﬁculty thereby is
the deﬁnition of the borders of the choroid, the choroid-sclera interface (CSI) and the RPE.
PS-OCT is very promising for this purpose, since it allows an improved characterization
of layers with different polarization characteristics in the eye and should thereby allow
to clearly identify the depolarizing RPE and to distinguish between the polarization preserving choroid and the birefringent sclera based on their polarization characteristics and
thereby allow an improved segmentation of the CSI [5, 77].
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EVALUATION OF THE THREE DIFFERENT PS-OCT SET-UPS

Evaluation of the three different PS-OCT set-ups

Based on the principles described in the Chapter 2 different PS-OCT systems for ophthalmic applications to acquire intensity, retardation, axis orientation and degree of polarization uniformity (DOPU) images of choroid and sclera in healthy volunteers and patients
were developed. In a ﬁrst step the parameters described in 2.3.5 were speciﬁed for the
different set-ups and test measurements in healthy volunteers were conducted to evaluate
the advantages and disadvantages of the different set-ups for in-vivo retinal imaging. The
most suitable set-up was used for further imaging in patients and for the development of
automated segmentation algorithms for clinical studies as described in Section 4.

3.1

Spectrometer based PS-OCT set-up

The ﬁrst polarization sensitive OCT set-up designed and built during the work for this
thesis was the spectrometer based set-up shown in Figure 13.
It consisted of a bulk optic Michelson interferometer, two identical spectrometer units, for
the two orthogonal polarization states and a ﬁber based polarizing beam splitter, which
connects the interferometer exit with the two spectrometer units. As light source a super
luminescent diode (Exalos) working at a central wavelength of 1050 nm with a full width
half maximum bandwidth of 70 nm was used. Quarter wave plates were inserted in the
object and in the reference arm, to create circular polarized light on the sample and equal
reference arm power on both spectrometer units. The ﬁber based polarizing beam splitter
separates the incoming light beam into vertically and horizontally polarized light and sends
it to the two identical spectrometer units.
The spectrometer units consist of diffraction gratings with 1450 lines/mm, lenses with 200
mm focal length and CCD line scan cameras (SU-LDH 1024 InGsAs Digital Line Scan
Camera, manufactured by SUI-Goodrich) with 1024 pixels and with a maximum imaging
rate of ˜47 kHz. To improve sensitivity, the system was not operated at full speed. Instead,
an A-scan rate of ˜17 kHz and an exposure time of 55 ms were used. Light in the reference
arm was attenuated by a variable neutral density ﬁlter to drive the CCD cameras slightly
below the saturation limit.
Computer programmes for data acquisition and control of the scanners were developed
with LabVIEW. Intensity, retardation and DOPU images of the retina of healthy human
volunteers were generated as described in Section 2.4.
A summary of the characterization parameters of the system can be found in Table 2.
In general the developed system is, regarding sensitivity, imaging speed and resolution,
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Figure 13: Spectrometer based polarization sensitive OCT set-up for retinal imaging consisting of: partially coherent light source, interferometer (Polarization control, POL = polarizer, BS = 50:50 beam splitter cube), sample arm (QWP 2 = quarter wave plate turned to
45°, xy-scanner unit, 2 lenses in telescope conﬁguration), reference arm (QWP 1 = quarter
wave plate at 22.5°, DC = dispersion compensation (glass prisms), NDF = neutral density
ﬁlter, reference mirror), detection unit (PBS = polarizing beam splitter, and two identical
spectrometer units (diffraction grating, lens, CCD line scan camera), computer for data
acquisition)
well suitable for retinal imaging and therefore ﬁrst test measurements in healthy human
volunteers were conducted.
Figure 14 shows averaged intensity and retardation B-Scans from a healthy human volunteer (50 B-scans consisting of 1024 A-scans acquired in ˜3 seconds). With averaging the
signal-to-noise ratio can be improved, which is beneﬁcial for imaging deeper layers like
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Parameters
Values
Axial resolution (in tissue)
7 μm
Transversal resolution
20 μm
Max. measured sensitivity 100 dB
Roll-off in the ﬁrst mm
4 dB/mm
A-scan rate
17 kHz
Imaging range
2.8 mm

Table 1: Parameters of the 1060 nm PS-SD-OCT set-up based on spectrometers
choroid and sclera, but on the other hand motion artifacts become a more crucial issue,
since the measurement time increases with an increasing number of frames per measurement. With motion correction in post processing, we can compensate for eye motions
between the B-scans, but in-frame distortions cannot be compensated for. One way to
overcome this is to exclude distorted frames from the data set, before averaging. More
details about different approaches for averaging can be found in [78].
In Figure 14 polarization characteristics like the depolarization of the RPE and the birefringence in the sclera are well visible in the averaged retardation image. In averaged images
areas with depolarizing material like the RPE appear as uniform area of values close to
45°, because of averaging over randomly varying retardation values. The high penetration
depth allows to visualize the birefringence of the sclera in most areas and it seems to have
a considerable advantage over 840 nm set-ups for this purpose.

Figure 14: Averaged intensity (left; log scale) and retardation (right; color scale bar 0°90°) B-Scan acquired with spectrometer system. 50 B-scans consisting of 1024 A-scans
each where averaged and the retardation image was additionally thresholded (values below
a certain intensity level where set to grey).
To investigate this further, the developed system presented here was compared with a PSOCT set-up presented in [64] working at central wavelength of 840nm. Both set-ups are
based on a similar technology and also the characterization parameters were in the same
range. Results of this comparison can be found in Figure 15, 16 and 17.

3.1 Spectrometer based PS-OCT set-up
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Figure 15: Comparison of intensity (top; log scale) and retardation (bottom, color scale
bar 0°-90°) single frames acquired with 1060 nm (left) and 840 nm (right) set-up from the
fovea centralis of a healthy human volunteer.
Figure 15, 16 and 17 show intensity, retardation and DOPU values measured in the same
volunteer with the novel 1060 nm PS-OCT (left side/bottom) and the 840nm PS-OCT setup (right side/top). In all images the enhanced penetration depth of the novel set-up is
clearly visible, which allows to visualize the birefringence in the sclera in all measured
regions (fovea centralis and optic nerve head region).
The DOPU values in Figure 17 show that a segmentation of the RPE based on DOPU
values is possible for the novel PS-OCT set-up too, but an interesting decrease in DOPU
values in certain areas can be observed in deeper tissue layers. This might be either caused
by calculating DOPU values for regions, where the signal was not reliable enough (not
enough points used for calculation are above noise level) or by depolarizing structures in
the choroid.
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Figure 16: Comparison of intensity (top; log scale) and retardation (bottom; color scale
bar 0°-90°) single frames acquired with 1060 nm (left) and 840 nm (right) set-up from the
optic nerve head region of a healthy human volunteer.

Figure 17: DOPU values from the fovea centralis acquired in a healthy human volunteer
with 840 nm (top) and 1060 nm (bottom) PS-OCT set-up (color scale bar 0-1).

3.2

Swept Source based PS-OCT set-ups

In the following chapter images obtained from the polarization sensitive swept source OCT
set-up shown in Figure 18 are presented. The set-up was combined with two different swept

3.2 Swept Source based PS-OCT set-ups
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sources, a commercially available swept source (Axsun, A-scan rate = 100 kHz, sweep
range = 110 nm) and a custom-built FDML-laser (A-scan rate = 350 kHz, sweep range
= 80 nm). More details about the light sources can be found in the original publications
in sections 3.2.1 and 3.2.2 and in the summary of the evaluation of the different systems,
regarding their usability in patient imaging in section 3.3. Beside the light sources also the
lenses in the sample arm were replaced, which leads to different scanning angles for the
different set-ups.

Figure 18: Swept source PS-OCT set-up for retinal imaging consisting of: tunable light
source and PC = polarization control, Mach-Zehnder interferometer (POL = polarizer, two
50:50 beam splitter cubes, collimators), sample arm (quarter wave plate turned to 45°, xyscanner unit, 2 lenses in telescope conﬁguration), reference arm (half wave plate at 22.5°,
NDF = neutral density ﬁlter, reference mirror), detection unit (PBS = polarizing beam
splitter, dual balanced detector)

3.2.1

PS-OCT at 1060 nm using a commercially available swept source

For our ﬁrst design of a swept source PS-OCT set-up we used a commercially available
swept source (Axsun) with a sweeping rate of 100 kHz and a sweep range of 110 nm
centered around 1060 nm. Table 2 shows a summary of the system parameters of the setup and the high sensitivity that still can be achieved at an imaging speed of 100 kHz makes
this set-up far superior to the spectrometer set-up. With these imaging speeds it is possible
to image larger areas on the retina, where the very low roll-off also provides a considerable
advantage, since positioning the measured object is not as critical. A good positioning gets
more difﬁcult for larger imaging areas, especially with pathologies like retinal detachment
and subretinal ﬂuid, since not all parts of the imaged area can be easily positioned close to
the zero delay line.
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EVALUATION OF THE THREE DIFFERENT PS-OCT SET-UPS
Parameters
Axial resolution (in tissue)
Transversal resolution
Max. measured sensitivity
Roll-off in the ﬁrst mm
A-scan rate
Imaging range

Values
5.6 μm
20 μm
101 dB
1dB/mm
100 kHz
5 mm

Table 2: Parameters of the 1060 nm PS-OCT set-up with Axsun swept source
Images acquired with this set-up and their interpretation can be found in the following publication Optometry and Vision Science - vol.89, No 5, May 2012 under the title HighSpeed Retinal Imaging with Polarization-Sensitive OCT at 1040 nm by Teresa Torzicky,
Michael Pircher, Stefan Zotter, Marco Bonesi, Erich Götzinger, and Christoph K. Hitzenberger [79].
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High-Speed Retinal Imaging with
Polarization-Sensitive OCT at 1040 nm
Teresa Torzicky*, Michael Pircher†, Stefan Zotter*, Marco Bonesi†, Erich Götzinger†,
and Christoph K. Hitzenberger†

ABSTRACT
Purpose. To demonstrate the ability of a new high-speed polarization-sensitive optical coherence tomography (PS-OCT)
system for retinal imaging at 1040 nm.
Methods. A new polarization-sensitive swept source OCT system in the 1 m wavelength range is used to image the
retina of healthy volunteers. The instrument is operated at an A-scan rate of 100 kHz which is about three times faster
than previously reported PS-OCT instruments in this wavelength region. The increased imaging speed can be used to
record densely sampled volumes of the retina. Moreover, it enables averaging of several B-scans recorded at the same
location to obtain high-definition B-scans without the use of an eye tracker.
Results. Polarization-sensitive images of healthy volunteers clearly show the retinal pigment epithelium as a depolarizing
layer. In addition, the good tissue penetration of the system allows the visualization of the sclera, which is highly
birefringent and therefore shows increased image contrast with PS-OCT.
Conclusions. PS-OCT in the 1 m wavelength region shows similar polarization effects as in the 840 nm wavelength
range. The high speed enables averaging of several B-scans to obtain high-definition polarization-sensitive images. The
new system provides excellent penetration depth into the choroid and sclera.
(Optom Vis Sci 2012;89:585–592)
Key Words: optical coherence tomography, optical frequency domain imaging, retina, sclera, polarization-sensitive
imaging, age-related macula degeneration, glaucoma

R

etinal imaging is a valuable tool for clinical routine. With the
development of optical coherence tomography (OCT), a
completely new method has been introduced to the field, enabling for the first time the visualization of three-dimensional architecture of the retina in vivo.1–3 Meanwhile, this technology has gained
increasing influence for precise diagnosis and treatment monitoring.4 –7 While all commercially available OCT systems for retinal imaging are operated in the 840 nm wavelength range, another imaging
wavelength region that is centered at ⬃1040 nm has gained interest.8 –10 The choice of wavelengths depends on the total extinction
coefficient (determined by scattering and absorption). Because the
light has to traverse the aqueous and vitreous humors, the choice of the
imaging wavelength for the posterior eye is limited by water absorption which is low for wavelengths from the visible to the near infrared
(⬃900 nm) and shows a local minimum around 1050 nm. This
wavelength region is beneficial because it is less scattered, which
*MSc
†
PhD
Center for Medical Physics and Biomedical Engineering, Medical University of
Vienna, Vienna, Austria.

should allow a better penetration depth into posterior retinal tissue.8
Therefore, only this specific longer wavelength region can be used for
retinal imaging8 –10 (for wavelengths longer than 1100 nm, imaging is
prevented by the high absorption of water). It should be noted, however, that the axial resolution which can be achieved in this wavelength
region is limited by the width of the water absorption window. Nowadays, two different OCT techniques, spectral domain OCT (SDOCT as is used in commercial instruments) and swept source OCT
(SS-OCT), are used at 1040 nm. The first technique uses a broadband
light source in combination with a spectrometer in the detection channel to obtain depth profiles of tissue,11 while the latter uses a tunable
light source in combination with a single point detector.12,13 Sometimes the latter technique is referred to as optical frequency domain
imaging.14 The advantage of SS-OCT is the higher imaging speed
which currently is a factor 3 to 5 faster than high-speed SD-OCT
systems.15,16
Polarization-sensitive OCT (PS-OCT) extends the concept of
OCT by using the polarization properties of light to gather additional
information on the sample.17–19 Several structures of the retina can
alter the polarization state of light which can generate additional image
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contrast or be used for quantitative measurements. These include birefringent structures [retinal nerve fiber layer (RNFL), Henle’s fiber
layer, sclera, and fibrotic scars],20 –26 depolarizing structures [e.g., retinal pigment epithelium (RPE)],27–29 and polarization preserving
structures (e.g., photoreceptor layer).22,27 An overview of the capabilities of PS-OCT for imaging the eye has been presented recently.30 A
unique ability of PS-OCT is the automatic segmentation of the RPE
which uses its intrinsic tissue property to depolarize the backscattered
light. This allows for quantification of drusen size and volume31,32 and
the size of atrophic zones in age-related macula degeneration.24,31
Another potential application of PS-OCT can be found in glaucoma
diagnostics because the RNFL is known to be birefringent33,34 and
therefore shows increased image contrast in PS-OCT.21,26,35
In this article, we present results of a novel PS-SS-OCT instrument
operating at 1040 nm. The imaging speed of 100 kHz is about three
times faster than comparable PS-OCT instruments in this wavelength
region.36,37 The higher imaging speed enables either to record densely
sampled volumes of the retina or to record “high definition” (HD)
B-scans (similar to the Spectralis instrument from Heidelberg Engineering38) without the use of an eye tracker implemented into the
instrument. HD B-scans are obtained by averaging of several B-scans
that are recorded at the same location and software-based eye motion
correction. The new device provides excellent image quality in both
intensity-based and PS images. The enhanced penetration into the
choroid and sclera enables, to the best of our knowledge for the first
time, the visualization of polarization effects (change in retardation
and axis orientation) within the sclera posterior to the fovea. With
these imaging capabilities, PS-OCT at 1040 nm may provide a valuable tool for future clinical studies.

METHODS
PS-OCT imaging was performed with a concept that has been
published previously39 with the implementation of a balanced detection scheme that is essential for SS-OCT. The main difference of the
new instrument is, beside of the new wavelength region, the use of a
commercially available SS (Axsun Technologies, Billerica, MA) that
provides an A-scan rate of 100 kHz and an output power of 24.9 mW
with a center wavelength of 1040 nm. The axial resolution is determined by the sweep range of the source and was measured with 7.9
m in air or 5.6 m in tissue (assuming a refractive index of 1.4). The
system is based on bulk optics and uses circular polarized light incident
on the eye.17,19 The power incident on the cornea of the eye was
measured with 2 mW which is well below the permissible exposure
given in the laser safety standards for a scanning beam in this wavelength region. The scanning angle of the instrument was set to ⬃20°.
Two different imaging protocols were used. In the 3D imaging mode,
200 B-scans containing 1000 A-scans were recorded in 4 s. In the
HD-imaging mode, 100 B-scans each consisting of 1000 A-scans were
recorded at the same location in 2 s. From each single A-scan, different
PS parameter such as phase retardation,17 axis orientation,19 and
Stokes vector40 can be calculated. Furthermore, the degree of polarization uniformity (DOPU) can be calculated either by spatial averaging29 or, in case of the HD B-scans mode, by temporal averaging41 of
Stokes vector elements.
All measurements were performed following a protocol that
adhered to the tenets of the Declaration of Helsinki and was approved by the local ethics committee of the Medical University of
Vienna. Informed consent was obtained from all subjects partici-

FIGURE 1.
PS-OCT images of the fovea at 1040 nm recorded from volunteer 1. (a) Intensity, (b) phase retardation (color scale ranges from black: 0° to red: 90°),
white rectangle marks the location of the inset. The anterior layers of the retina appear in dark blue that stays constant with depth, indicating the
polarization preserving character of these layers. Birefringence of the sclera can be observed in the increased retardation (from blue to red) in the lower
right corner of the image. (c) Axis orientation (black: ⫺90°, red: 90°) Constant axis orientation (orientation of the birefringent axis in respect to the
coordinate system of the instrument) can be observed in the anterior layers of the retina (yellow color) while a change in axis orientation can be observed
within the RPE (random change) and within the sclera, (d) DOPU image (black: DOPU ⫽ 0, red: DOPU ⫽ 1). Red color indicates polarization preserving
character, while green and blue indicate a depolarizing character of the tissue. Image extension: 20° ⫻ 1.68 mm.
Optometry and Vision Science, Vol. 89, No. 5, May 2012
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pating in this study, and the nature and possible risks of this study
have been explained. For this study, two healthy volunteers with
different retinal pigmentation were included because we expect a
different penetration depth in both cases.

RESULTS
Fig. 1 shows PS-OCT images retrieved from volunteer 1.
Within the intensity image, all major retinal layers can be resolved
and good penetration into the choroid can be observed. For this
image, the position of zero path length delay was placed within the
vitreous. (The optical path length of the reference arm corresponds
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to the optical path length in the sample arm including the eye up to
a location within the vitreous shortly anterior to the retina.) However, due to the low sensitivity decay provided by the light source,
images with reversed setting (zero delay position placed within the
sclera) do not show pronounced differences. (In general, SS-OCT
systems show a lower sensitivity decay with depth than spectral
domain systems.)14 In the retardation and axis orientation images
(c.f. Fig. 1b and c), the RPE can be clearly identified by the polarization scrambling characteristics (i.e., random retardation and
axis orientation values) observed at this layer. Moreover, due to the
high penetration depth beyond the RPE, increased retardation

FIGURE 2.
PS-OCT images of the fovea at 840 nm recorded from volunteer 1. (a) Intensity, (b) phase retardation, (c) axis orientation, (d) DOPU (same color scale
as in Fig. 1).

FIGURE 3.
High-definition PS-OCT images at 1040 nm recorded from volunteer 1. (a) Intensity, (b) phase retardation, (c) axis orientation, (d) DOPU (same color
scale as in Fig. 1).
Optometry and Vision Science, Vol. 89, No. 5, May 2012
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introduced by the birefringent sclera can be seen (c.f. red color in
the bottom right corner of Fig. 1b). It should be noted that although light backscattered from the RPE is in a random polarization state, the light transiting the RPE is still in a well-defined
polarization state because the RPE is very thin (a monocellular
layer). OCT mainly detects single scattered light. The single scattering regime of layers below the RPE can be clearly observed in the
PS-OCT images by the defined polarization state from these layers
and by the visible structures within the choroid (multiply scattered
light does not contain structural information because the paths of
multiply scattered photons are random and photons scattered from
different sample locations will contribute to the OCT signal). In
the axis orientation image (Fig. 1c), the effect of Henle’s fiber layer
is clearly visible [c.f. the color change from orange (foveal center;
no Henle’s fibers) to green and blue (left and right of the fovea,
caused by Henle’s layer above the photoreceptor layer)]. The fibers
of this layer are birefringent and emerge radially from the fovea.
Hence, the orientation of the fibers changes along a circle around
the fovea. Therefore, a different axis orientation can be observed

anterior to Henle’s fiber layers (no influence) and below this layer
(at the photoreceptor level). The DOPU image (c.f. Fig. 1d) clearly
shows that the RPE (c.f. greenish band) is the only depolarizing
structure within this image (red color indicates polarization preserving or birefringent tissue). However, the polarization state is
slightly better preserved in layers anterior than posterior to the
RPE. The horizontal band anterior to the retina is an artifact
caused by an internal reflection within the instrument. Fig. 2
shows images recorded at 840 nm for a comparison to the images
recorded with the new instrument. The improved penetration with
the new instrument is probably caused by lower sensitivity decay
with depth and less scattering of the 1040 nm wavelength region.
To improve the image quality, we recorded several B-scans at the
same location. From the whole data set, 50 B-scans were selected
and motion-corrected in a postprocessing step before averaging. In
addition, the averaging mode enables a different method for calculating DOPU. Normally, this parameter is calculated within a
spatial window of the B-scan which therefore reduces the spatial
resolution of the DOPU images.29 In the averaging mode, DOPU

FIGURE 4.
High-definition wide-angle PS-OCT images at 1040 nm recorded from volunteer 1. (a) Intensity, (b) phase retardation (arrow indicates the location of
the sclera rim), (c) axis orientation, (d) DOPU (same color scale as in Fig. 1).
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can be calculated within a temporal window and hence the spatial
resolution of the B-scan is preserved.41 Fig. 3 shows HD B-scans of
the same location as in Fig. 1. The improvement of image quality
compared to Fig. 1 is evident. Especially, the border between the
choroid and sclera can be observed much better. The retardation
image (Fig. 3b) shows that the retinal layers anterior to the RPE are
non-birefringent in the macular area; they essentially maintain the
polarization state (constant blue colors). The polarization scrambling RPE is visible as a thin band of cyan color, actually an average
of the various random colors (polarization states) generated during
image averaging. In the choroid, there is only little change of the
polarization state. However, some patches of brighter blue and
cyan indicate slight depolarization probably caused by choroidal
pigments.
The birefringent sclera is well indicated by the increase in retardation (c.f. color change from blue over green to yellow in Fig. 3b).
Because of the averaging, regions close to 90° retardation (indicated by red color in Fig. 1b) are shifted toward lower retardation
values. In this image, choroid and sclera can in principle be distinguished. However, the birefringence of the sclera seems not to be
homogeneous [in the right part of the image (nasal to the fovea)
birefringence of the sclera is stronger than in the left part (temporal
to the fovea)]. Interesting is the change in the middle of the image
of the otherwise rather constant axis orientation measured in the
sclera (c.f. Fig. 3c). This might correspond to a change in the fiber

589

orientation of the sclera. In Fig. 3d, the polarization preserving
character of the inner retinal layers as well as the depolarizing
character of the RPE (indicated by the greenish band) can be
clearly observed (all other layers anterior to the RPE are either
birefringent or polarization preserving as indicated by red color).
Note that even below the RPE (within the choroid) the polarization state is rather well preserved although DOPU shows somewhat lower values than in the anterior layers. The yellowish and
greenish patches below the RPE might indicate pigments in the
choroid.
To increase the total field of view, three tomograms, each covering ⬃20°, have been stitched together (with the ImageJ plugin
MosaicJ) to obtain a total field of view of ⬃40°. However, the
stitching is not perfect (i.e., there are small differences between the
individual stitched images (intensity, retardation, axis orientation,
and DOPU) because the stitching has been performed independently for each image type. The result is shown in Fig. 4. The
tomograms cover both the fovea and optic nerve head region. In
these images, the inhomogeneous birefringence of the sclera is even
more evident. Noticeable are the gradual change in the axis orientation measured in the sclera temporal to the fovea (color change
from orange to green) and the abrupt change (color change to blue)
slightly temporal to the fovea, probably indicating a change in the
fiber orientation of the sclera. Furthermore, very strong birefringence at the scleral rim (indicated with an arrow in Fig. 4b) can be

FIGURE 5.
High-definition PS-OCT images at 1040 nm recorded from volunteer 2. (a) Intensity, (b) phase retardation, (c) axis orientation, (d) DOPU (same color
scale as in Fig. 1).
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observed. The change of axis orientation with depth at this location
(c.f. Fig. 4c) is an artifact caused by the algorithm to retrieve the
axis orientation. Whenever the retardation exceeds multiples of
90°, the axis orientation shows a jump by 90°.19 The DOPU image
(c.f. Fig. 4d) clearly shows the RPE throughout the image as a
greenish band (with exception at the location of the optic nerve
head). Moreover, the DOPU image shows within the choroid
slightly lower DOPU values temporal than nasal to fovea.
Fig. 5 shows images recorded from volunteer 2. As can be seen in
the intensity image, the penetration into the sclera is even more
pronounced. This might be due to the lower retinal pigmentation
of this subject. The high penetration depth enables the observation
of several oscillations in the retardation image (right, near optic
nerve head). As mentioned above, these oscillations are an indica-

tor for strong birefringence and are caused by the ambiguity of the
algorithm that retrieves the retardation values. Although the inhomogeneities in retardation appear different compared with volunteer 1, the observed change in axis orientation is very similar. The
DOPU image shows, similar to volunteer 1, lower DOPU values
temporal to the fovea than nasal. The green DOPU band in the
lower right corner of the image (close to the optic nerve head)
indicating depolarization is probably an artifact; however, the origin is currently unclear. Fig. 6 shows a HD B-scan obtained from
volunteer 2 centered through the nerve head. Interestingly, the
DOPU image shows low values at larger depths within the lamina
cribrosa, although the axis orientation as well as the retardation
image does not show random values at this location. However, an
interpretation of this observation needs further investigations.

FIGURE 6.
High-definition PS-OCT images of the optic nerve head at 1040 nm recorded from volunteer 2. (a) Intensity, (b) phase retardation, (c) axis orientation,
(d) DOPU (same color scale as in Fig. 1).

FIGURE 7.
En-face images of (a) intensity, (b) retardation, and (c) axis orientation recorded from volunteer 1 and retrieved at the junction between inner and outer
segments of photoreceptors (same color scale as in Fig. 1).
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To measure the retardation introduced by the RNFL, we recorded 3D volumes centered at the optic nerve head. For these
measurements, the influence of anterior segment birefringence has
been compensated using the retinal surface polarization state.23
Fig. 7 shows intensity (depth-integrated OCT image), retardation,
and axis orientation measured from volunteer 1. Because in this
region the RNFL is the only birefringent anterior retinal layer, the
retardation values were extracted at the junction between inner and
outer segments of photoreceptors to benefit from the high signal
intensity obtained at this layer. Locations where the signal is below
a certain intensity value are displayed in gray. Similar to the PSOCT measurements at 840 nm and GDx measurements, increased
retardation can be found superior and inferior to the optic nerve
head. The axis orientation shows a full 360° variation along a circle
around the optic nerve head indicating the change of fiber orientation in this region.

DISCUSSION
We presented PS images of the human retina obtained with a
new high-speed SS PS-OCT instrument operating at 1050 nm.
The imaging speed is about a factor 3 higher than a comparable PS
instrument.36,37 Because of the high imaging speed, the new instrument enables the acquisition of HD B-scans which show excellent image quality. In all images, the PS characteristics of the
retina appear similar to those at 840 nm (e.g., depolarizing character of the RPE). Therefore, we expect that all currently used
automatic segmentation algorithm (for images recorded at 840
nm) to quantify drusen area and volume or atrophy size in dry
age-related macula degeneration (AMD)31,32 can be applied to
images obtained with the new instrument.
One advantage of the current system, beside the high imaging
speed, is the low sensitivity decay with depth. This will certainly
improve patient imaging because patients tend to show rather pronounced axial eye motion. This often causes the image to be shifted
to regions far from the zero delay (i.e., region with highest system
sensitivity) and therefore results in a degradation of image quality.
In systems with low sensitivity decay, this effect will be less pronounced. In addition, the 1050 nm wavelength region might result
in a better image quality in patients with cataract because at this
wavelength region the light is less scattered.42
The high penetration depth of the new instrument enables the
investigation of deep layers as choroid and sclera. The observation
of these layers especially beneath the fovea might be of specific
interest in clinical trials investigating, e.g., AMD.43 The increased
contrast within the sclera provided by PS-OCT might be used to
improve choroidal segmentation algorithm. Currently, this segmentation is done manually44 which is time consuming and not
practical in a large number of patients. One interesting new observation is the change in axis orientation within the sclera slightly
temporal to the fovea which probably corresponds to a change of
fibril orientation within the sclera. Keeping in mind that this study
is based on only two volunteers, this observation has certainly to be
confirmed in a larger number of volunteers and probably needs to
be compared with findings from histology.
Within the lamina cribrosa, the DOPU image showed depolarization at a certain depth (c.f. Figs. 5d and 6d). Currently, the
origin of this depolarization is unclear. From the retardation and
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axis orientation images (c.f. Figs. 5c, d and 6c, d), we would expect
that the polarization state from this region is well defined.
However, a more detailed analysis (which is beyond the scope of
this paper) will be necessary to provide an explanation for this
observation.
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O, Schmidt-Erfurth U, Hitzenberger CK. Value of polarisationsensitive optical coherence tomography in diseases affecting the retinal pigment epithelium. Br J Ophthalmol 2008;92:204–9.
Yamanari M, Miura M, Makita S, Yatagai T, Yasuno Y. Phase retardation measurement of retinal nerve fiber layer by polarization-sensitive
spectral-domain optical coherence tomography and scanning laser polarimetry. J Biomed Opt 2008;13:014013.
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PS-OCT at 1060 nm using an FDML laser

The developed swept source PS-OCT set-up was modiﬁed further in a next step and used
with a prototype of an FDML laser. A summary of the system characteristics can be found
in Table 3. From the systems presented in this work, this one is by far the fastest, but the
sensitivity is lower than for the other two. Since a high sensitivity is equally important as
high speed in patient imaging, the usability of the presented system for patient imaging is
limited. Especially the high roll-off is a limitation, which might be overcome with implementing the suggested improvements of the swept source, but this exceeds the framework
of this thesis project.
Parameters
Axial resolution (in tissue)
Transversal resolution
Max. measured sensitivity
Roll-off in the ﬁrst mm
A-scan rate
Imaging range

Values
6.4 μm
28 μm
95 dB
9 dB/mm
350 kHz
2 mm

Table 3: Parameters of the 1060 nm PS-OCT set-up with FDML swept source
The exact set-up conﬁguration, details about the used swept source, acquired images and
their interpretation were published in Journal of Biomedical Optics 18(2), February 2013
under the title Retinal polarization sensitive optical coherence tomography at 1060 nm
with 350 kHz A-scan rate using an FDML laser by Teresa Torzicky, Sebastian Marschall,
Michael Pircher, Bernhard Baumann, Marco Bonesi, Stefan Zotter, Erich Götzinger, Wolfgang Trasischker, Thomas Klein, Wolfgang Wieser, Benjamin Biedermann, Robert Huber,
Peter Andersen, and Christoph K. Hitzenberger [80].
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Abstract. We present a novel, high-speed, polarization-sensitive, optical coherence tomography set-up for retinal
imaging operating at a central wavelength of 1060 nm which was tested for in vivo imaging in healthy human
volunteers. We use the system in combination with a Fourier domain mode locked laser with active spectral shaping which enables the use of forward and backward sweep in order to double the imaging speed without a buffering
stage. With this approach and with a custom designed data acquisition system, we show polarization-sensitive
imaging with an A-scan rate of 350 kHz. The acquired three-dimensional data sets of healthy human volunteers
show different polarization characteristics in the eye, such as depolarization in the retinal pigment epithelium and
birefringence in retinal nerve fiber layer and sclera. The increased speed allows imaging of large volumes with
reduced motion artifacts. Moreover, averaging several two-dimensional frames allows the generation of high-definition B-scans without the use of an eye-tracking system. The increased penetration depth of the system, which is
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1

Introduction

Optical coherence tomography (OCT) is a noninvasive imaging
technique for recording high-resolution images of biological
samples and has been established, in ophthalmology, as a standard tool for diagnosing ocular diseases and for monitoring
therapeutic success.1–6 The essential step, which improved the
technology to a state where it gained interest for clinical use
in ophthalmology, was the introduction of the spectral-domain
detection principle which increased acquisition speed and sensitivity in comparison to the former time-domain technology.7–9
Currently, state-of-the-art, commercially available retinal
OCT scanners for clinical use work at a central wavelength
of 840 nm and allow the acquisition of high depth resolution
(∼5 μm) images of the ocular fundus from the inner retinal
layers to the retinal pigment ephitelium (RPE) with A-scan
rates beyond 20 kHz. These devices are valuable tools for clinical examinations and provide additional information for the
diagnostics of different retinal pathologies.6
However, there are three main limiting factors for extending
the use of OCT for acquiring clinically relevant information with
these state-of-the-art retinal OCT scanners. These limiting factors include slow acquisition speed which limits the maximum
size of the volume that can be imaged with reduced motion

Address all correspondence to: Teresa Torzicky, Medical University of Vienna,
Center for Medical Physics and Biomedical Engineering, Austria. E-mail: teresa
.torzicky@meduniwien.ac.at

Journal of Biomedical Optics

artifacts, low penetration depth which determines the retinal
layers that can be examined and which is mainly limited by
absorption and scattering of the probing beam in the tissue,
and lack of tissue specific contrast which cannot be obtained
with state-of-the-art retinal scanners since the acquired information is based on backscattered intensity only.
With custom-built research OCT set-ups for retinal imaging,
A-scan rates up to ∼310 and 500 kHz can be achieved with highspeed spectrometer based systems, up to 200 kHz with swept
source set-ups using commercially available sources and even
up to ∼1.68 MHz with a Fourier domain mode locked
(FDML) laser.10–14 Acquisition speed can be further increased
with multispot approaches, however, the usability of such devices in clinical retinal imaging still needs to be examined.12
However, at the moment, there are several indications that
the next generation of commercial retinal scanners will work
with acquisition speeds in the ∼100 kHz range.
Imaging speeds of ∼100 kHz are beneficial, on the one hand,
for acquiring large densely sampled three-dimensional (3-D)
data sets with reduced motion artifacts and, on the other
hand, for generating high-definition two-dimensional (2-D)
scans by averaging several frames without the use of an eye
tracking device. The acquisition of large densely sampled
3-D volumes is especially interesting for the examination of
patients with large pathological changes in the retina like geographic atrophies, pigment epithelial detachments, etc., since the
whole pathological area can be imaged at once. Additionally,
examination of fine features like micro exudates and small
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drusen is improved due to the dense isotropic coverage of the
measured volume. High-definition 2-D scans are advantageous
because the signal-to-noise ratio is increased and the speckle
contrast is reduced which improves the visibility of small structures with low contrast.15,16
The penetration depth, in retinal OCT imaging, can be
increased by using longer probing wavelengths that are less scattered and absorbed in the RPE which enables the examination of
deeper layers in the ocular fundus.17–19 For this purpose, the
wavelength range around 1060 nm is particularly suitable
because water, the main constituent of the vitreous, has a
local absorption minimum in that range and dispersion is minimal as well.20–22 Increased penetration, in retinal OCT imaging,
is of high interest since recent studies suggest that parameters
like choroidal thickness or, more generally, pathological
changes in the choroid might be suitable parameters for early
diagnosis of several retinal diseases.23–25 Therefore, diagnostic
devices that allow examination of choroid and sclera might provide promising tools for the early diagnoses of retinal diseases
and, additionally, for the general study of these layers in vivo.
Tissue specific contrast can be obtained by using polarization-sensitive OCT (PS-OCT), a functional extension of
OCT.26–28 PS-OCT has been shown to be a useful device for
acquiring not only structural information from biological tissue
but, additionally, information about the polarizing properties
which enables the identification of different retinal layers due
to their polarization characteristics.29 So far, it is known that,
in the posterior eye, the retinal nerve fiber layer, Henle’s
fiber layer, and the sclera show birefringence.30–35 Additionally,
certain layers show depolarizing characteristics including the
RPE and other pigmented tissues like melanoma or naevi.36,37
This additional information can be used for segmentation of different retinal layers based on tissue specific intrinsic contrast
which has been shown to be a valuable tool in clinical diagnostics for the examination of pathologies involving the RPE.38
Additionally, the polarization information, acquired by PSOCT, allows more precise automated segmentation which
does not suffer from the drawbacks that occur with manual segmentation approaches. Automated segmentation algorithms,
based on PS-OCT data for the RPE and the choroidal scleral
interface (CSI), have been demonstrated which, in combination,
enable precise measurement of choroidal thickness.39–41
In this study, we present a high-speed swept source PS-OCT
system in conjunction with a broadband FDML laser operating
in the 1060 nm range with 350 kHz A-scan rate. The two-channel system acquires the data for both orthogonal polarization
states simultaneously during each A-scan. Modulation of the
drive current of the FDML laser permits optimizing the spectral
shape and using both sweep directions for OCT imaging. These
features enable, to the best of our knowledge, the fastest acquisition of PS-OCT data reported to date. During in vivo measurements in healthy human volunteers, we achieved high axial
resolution and deep penetration into the choroid and the sclera.
We demonstrate fast acquisition of large 3-D datasets and, additionally, high-definition 2-D images which permit precise automated segmentation of the RPE and the CSI within 2-D frames.

2

stage as demonstrated in Ref. 42 while keeping the complexity
of the optical set-up as low as possible. Secondly, we introduced
a PS-OCT set-up, especially designed for large-field, high-speed
polarization-sensitive imaging in the eye, which exploits the full
imaging speed of the presented light source.

2.1

Light Source

The swept source set-up (Fig. 1) is a standard FDML ringresonator comprising a single SOA (Exalos ESO330004), a
Fabry-Perot tunable filter (Lambda Quest) with 180 pm linewidth full-width-half-maximum (FWHM), and a 1155 m long
delay line made of standard single-mode fiber (Corning
SMF28). Even though the single mode cut-off wavelength of
SMF28 is specified to ∼1250 nm, making it not true single
mode fiber at 1050 nm, the coupling into higher order modes
is sufficiently low as reported in Ref. 43. The resulting resonator
round-trip frequency matches the maximum feasible operating
frequency of the tunable filter, 175 kHz. Broadband isolators
ensure unidirectional lasing and eliminate back reflections
from the imaging interferometer into the FDML laser. A polarization controller corrects for polarization rotation in the fibers.
Seventy percent of the light is coupled out of the resonator.
We operate the SOA with a custom diode driver (Wieserlabs
WL-LDC10D) that permits modulation of the pump current
with 15 MHz analog bandwidth. The tunable filter drive signal
(sine wave and bias) as well as the current modulation waveform
are synthesized by an arbitrary waveform generator controlled
by a computer. The computer receives the signal from a
125 MHz photodetector for monitoring the instantaneous output
power of the light source. With a LabView program running on
the computer, we have full control over the tunable filter and the
SOA current, power monitoring, spectral shaping, and automatic
correction of the tunable filter bias.
For shaping the light source spectrum, we use an iterative
algorithm similar to the one described in Ref. 44. This algorithm
records the sweep intensity from the photodetector as input data
and it can upload waveform data for the current modulation to
the waveform generator. Starting with constant current, the
algorithm compares the photodetector signal with the target
shape and accordingly adjusts the modulation waveform.
This step is repeated until the integrated difference between
actual shape and target shape falls below a preset threshold.
The algorithm finishes typically after five to 10 iterations,
each taking approximately 3 s.

Methods

The work, presented in this paper, combines two special features. The arbitrary spectral shaping capability of the FDML
laser permits the use of both sweep directions for OCT imaging.
Hence, we can double the imaging speed without a buffering
Journal of Biomedical Optics

Fig. 1 Set-up of FDML Source, SOA: semiconductor optical amplifier,
FC: fiber coupler, DL: delay line, ISO: optical isolator, TF: tunable
filter, PC: polarization controller, WFG: waveform generator, PD:
photodetector.
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Once the current modulation waveform has been calculated,
a stable sweep of the tunable filter is crucial. Otherwise, a slow
shift of the sweep range, caused by thermal drift of the piezoactuators, would, within a few minutes, lead to a strong distortion of the spectral shape. We compensate for the drift with an
algorithm that automatically adjusts the filter bias voltage,
thereby, enabling hands-off operation of the swept source over
an extended period. After spectral shaping, the bias control algorithm continues to monitor the instantaneous power of the light
source and detects deviations from the target shape. From the
difference, it calculates an error value which it minimizes by
adjusting the filter bias voltage using one channel of the waveform generator. With this implementation, we need no additional
hardware for the bias control because we are already using the
photodetector and the waveform generator for spectral shaping.
When the bias control is active, the laser can operate unattended until readjustment of the polarization controller becomes
necessary. Depending on variations of the ambient temperature,
these intervals range from 20 to 30 min.
With a constant pump current of 270 mA, the light source can
support continuous lasing over a total sweep range up to 100 nm
with an average output power of 10 to 15 mW. The sweep spectrum is centered, approximately at 1065 nm, and coincides
perfectly with the local minimum in the water absorption spectrum which is important for maintaining high axial resolution.20
The power spectrum has a peak on the long-wavelength side and
a flat tail extending to the short wavelengths [Fig. 2(a)] which is
typical for SOA-based swept sources. After linearization, the
spectrum has a FWHM of ∼55 nm and point spread functions,
generated with this spectrum, yield a measured axial resolution
of 12 μm in air [Fig. 2(c)]. The power difference between forward and backward sweep (i. e., from short to long wavelengths
and vice versa) is relatively small. During the backward sweep
(form long to short wavelengths) the peak power reaches about
90 percent of the forward sweep peak level [Fig. 2(a)]. By
modulating the SOA pump current synchronously with the
wavelength sweep, we can improve the actual axial resolution
within a given total bandwidth by distributing the power more
homogeneously over the sweep range. We achieve good results
with a Gaussian shape on top of a constant baseline that ensures
laser operation above threshold during the entire sweep. With a
relatively high baseline (2∕3 of total amplitude) [Fig. 2(b)] and

roughly the same average power as with constant current, we
measured an axial resolution of nine μm in air [Fig. 2(c)].
After the spectral shaping, both sweep directions have equal
power profiles and can both be used for OCT imaging. We measured a sensitivity of 95 to 96 dB with the forward sweep and
about 94 dB with the backward sweep.
The sensitivity roll-off is relatively fast because the fiber resonator exhibits strong chromatic dispersion in the 1060 nm
range.45 At 1 mm probing depth, the roll-off is ∼8 dB for the
forward sweep and ∼10 dB for the backward sweep. This
residual asymmetry, between the two sweep directions, is a combined effect of the frequency-shift in the SOA and chromatic
dispersion in the fiber resonator.

2.2

PS-OCT Set-Up

For high-speed polarization-sensitive imaging in the human eye,
we used the PS-OCT set-up shown in Fig. 3. The design is
similar to that in Refs. 41 and 46, but necessary adaptions
were implemented in order to increase the data acquisition
speed by a factor of 3.5 and to increase the scanning angle
from ∼20 deg to ∼32 deg to image larger areas of the retina.
The presented PS-OCT set-up is based on a bulk-optics
Mach-Zehnder configuration which allows balanced detection.
A polarizer ensures a linear polarization state at the entrance of
the interferometer. By the use of quarter and half wave plates,
we generate a circular polarization state for illuminating the eye
and a linear polarization state, rotated by 45 deg, returning from
the reference arm. In general, the light returning from the sample
is in an elliptically polarized state depending on the additional
phase retardation that is accumulated while traversing the sample. This elliptical state interferes, in the second beam splitter
cube, with the linear state from the reference arm and it is
then coupled into two fiber-based polarizing beam splitters
with polarization maintaining fibers. It is important that the
fast axis of both fiber-based beam splitters is similarly oriented
and complies with the orientation of the linear polarization state
produced by the polarizer at the entrance of the interferometer.
In the polarizing beam splitters, the polarization states are split
into two orthogonal components which are, afterwards, simultaneously detected by two similar balanced detectors with a
bandwidth of 350 MHz (Thorlabs PDB130C). For digitizing
the signal, a 2-channel 12 bit data acquisition board, operating

Fig. 2 Spectral shaping of forward and backward sweep of the FDML source: (a) Instantaneous power of forward and backward sweep at constant SOA
current (gray trace) and at modulated SOA current (black trace); (b) modulated SOA current for spectral shaping; (c) resulting point spread functions
with constant or modulated SOA current.
Journal of Biomedical Optics
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Fig. 3 Polarization sensitive optical coherence tomography set-up used for all images acquired, PC: polarization control, POL: polarizer, DC:
dispersion compensation, PBS: polarizing beam splitter, L1: lense f ¼ 80 mm, L2: lense f ¼ 50 mm. For further details see description in the text.

at 500 MSamples/s, (AlazarTech) was used and controlled by
custom-built LabView software. Additional parts, in the setup, were a pair of prisms for hardware dispersion compensation
in the reference arm and galvanometer scanners in the object
arm which allowed scanning with a maximum angle of
20 deg when using lenses with equal focal lengths (L1 ¼
L2 ¼ 50 mm). For enabling raster scanning of larger areas, a
telescope configuration of lenses with different focal lengths
(L1 ¼ 80 mm, L2 ¼ 50 mm) were used enlarging the scan
angle to 32 deg.
Since the Fabry-Perot tunable filter of the swept source was
driven with a sinusoidal signal and no k-clocking was available
for our custom built source, numerical rescaling of the raw
signal was necessary. We calculated rescaling functions, for
backwards and forwards sweep from signals, that were acquired
from a common path interferometer before each measurement
session.
For the images presented in this work, we illuminated the eye
with ∼1.8 mW which is consistent with the ANSI laser safety
limits, providing a sensitivity of ∼94 dB. Due to the relatively
fast roll-off, only the first 2 mm of the imaging range provided
suitable results for retinal imaging.

2.3

was approved by the ethics committee of the Medical University
of Vienna and adhered to the tenets of the Declaration of
Helsinki.

3

Results

Three-dimensional and 2-D data sets of healthy human volunteers were acquired with the described polarization-sensitive
OCT set-up and the described spectral shaping and imaging

Imaging Protocol and Data Postprocessing

Two different imaging protocols were used to acquire the data
presented in this paper. For acquiring the 3-D volumes and generating the intensity, retardation and fast axis cross-sections
shown in Fig. 4, 200 B-scans were recorded, each consisting
of 1000 A-scans. This covered a square of 32 deg ×32 deg
on the retina in only 0.65 s. With the second protocol, highdefinition 2-D images of intensity, phase retardation, fast axis
orientation and degree of polarization uniformity (DOPU)
were generated by averaging over a B-scan series of 50 single
frames (1000 A-scans per B-scan), acquired at the same
position.39 For averaging the polarization data, protocols
described in Ref. 47 were used.
For both protocols, we performed 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) and an inverse fast Fourier transform
(FFT). Afterwards, we used the resulting complex data sets
(amplitude and phase information) from both channels for calculating reflectivity, retardation, optic axis orientation and
DOPU values as described previously.48,49
The three healthy human volunteers, imaged with the
described set-up, were informed about the nature and possible
consequences of the study and consent was obtained. The study
Journal of Biomedical Optics

Fig. 4 3-D data set of the central retinal region of a healthy human volunteer acquired in 0.65 s. (200 B-scans, 1000 A-scans per B-scan, scanning angle ∼32 deg ×32 deg): (a) En face intensity image (log scale),
yellow line: B-scans shown in (c), (e), (g); red line: B-scans shown in
(d), (f), (h); (b) En face retardation image (scale bar 0 deg to 60 deg);
(c) and (d) Intensity B-scan single frames (log scale); (e) and
(f) Retardation B-scan single frames (scale bar: 0 deg to 90 deg); (g)
and (h) Axis orientation B-scan single frames (scale bar: 0 deg to
180 deg). B-scan dimensions: 32 deg (horizontal) ×1 mm (vertical;
geometric distance).
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procedures. Figure 4 shows en face scans of intensity and retardation and B-scans of intensity, retardation, and axis orientation
data taken from a 3-D volume which was acquired in 0.65 s.
The intensity en face image in Fig. 4(a) shows the advantage
of the high acquisition speeds since, even in such large volume,
no motion artifacts are visible. The Fig. 4(c), 4(e), and 4(g)
shows intensity, retardation, and fast axis orientation images
from a central position of the 3-D data set which extends
from the fovea to the optic nerve head [marked by the yellow
line in Fig. 4(a)]. The typical polarization characteristics, such as
the depolarization caused by the RPE and the birefringence of
the sclera, are clearly visible in the retardation image 4(e) and
the fast axis orientation image 4(g). B-scans from an inferior
position [Fig. 4(d), 4(f), 4(h)] marked with the red line in 4(a),
show in addition the birefringence of the retinal nerve fiber layer
(RNFL). The birefringence of the RNFL can be even better
visualized by generating en face retardation maps as shown
in Fig. 4(b), where the thick nerve fiber bundles superior and
inferior to the optic nerve head can be identified as areas
with increased retardation, which is in good agreement with previous findings.50–52 For generating retardation en face maps,
segmentation of the RPE is performed based on DOPU values
and only retardation values within a window above the RPE,
which is mainly representing the junction between inner/outer
segments of photoreceptors and the end tips of the photoreceptors are averaged.39,50 Birefringence, caused by the anterior segment, is compensated using a software based algorithm
described in detail elsewhere.53
For comparing the birefringence of the RNFL with previously published data, we additionally calculated quantitative
birefringence values based on a method described in
Refs. 31 and 54. The retardation values, within the RNFL,
are plotted over the A-scan depth and with a linear fit, the
slope of the retardation is determined and, thereby, the birefringence. In a second step, an annular area centered at the opticnerve head, with an inner radius of approximately 1.3 mm and
an outer radius of approximately 1.7 mm, is divided in four
quadrants. The four quadrants are temporal (spanning an
angle of 50 deg), superior (120 deg), nasal (70 deg), inferior
(120 deg), and are the same quadrants as used for the temporal,
superior, nasal, inferior, temporal diagrams of scanning laser
polarimetry, a common tool in glaucoma diagnostics for examining the RNFL and its degradation. The used algorithm only
delivers reliable data if the RNFL thickness is above a certain
threshold, therefore, we decided to calculate quantitative data
only for the superior and inferior quadrant. The birefringence
values, within these sectors, were averaged over the respective
A-scans. Birefringence values extracted for the superior
and inferior region from the measurements performed in
the three measured volunteers vary between 2.5 × 10−4 and
2.9 × 10−4 . This seems to be lower than the values that can
be found in literature. Cense et al. reported in 2002 birefringence values of 4.5 × 10−4 near the optic nerve head region
and, in a later work, he presented values ranging from 1.2
to 4.1 × 10−4 for different areas around the optic nerve
head.31,54 Yamanari et al. reported values from 1.2 to
6.3 × 10−4 around the optic nerve head and Mujat et al.
reported an average birefringence of 3.04 × 10−4 for the
RNFL.51,55 Kemp et al. found values of 3.9 × 10−4 for
RNFL birefringence in the inferior region measured in an
anesthetized primate.56 All values, mentioned here, were measured with PS-OCT set-ups working at a central wavelength
Journal of Biomedical Optics

of 840 nm. A recent paper also presents birefringence values,
measured with a PS-OCT set-up, working at a central wavelength of 1060 nm.57 The values are in range of 2.94 to 4.71 ×
10−4 around the optic nerve head.
The discrepancies in the reported values could be caused by
the different probing wavelengths or by variations in the RNFL
birefringence between different subjects.
To investigate this further, we measured the three volunteers,
additionally, with a PS-OCT set-up working at a central
wavelength of 840 nm, which is described in detail in
Ref. 58. In this case, averaged birefringence values, between
2.8 and 3.0 × 10−4 , were observed for the superior and inferior
quadrants. Based on this comparison, one can conclude that
there seems to be a trend towards slightly lower birefringence
values in the superior and inferior quadrant at 1060 nm, however, the low number of measured subjects does not allow a
definite conclusion.
Figure 5 shows high-definition 2-D scans of intensity, retardation, fast axis, and DOPU calculated from 50 single frames.
The averaged images show reduced speckle characteristics and
improved signal to noise ratio for the intensity [Fig. 5(a)], retardation [Fig. 5(b)], and fast axis orientation [Fig. 5(c)] values.
Because the DOPU values [Fig. 5(d)] are calculated from the
corresponding pixels in 50 frames instead of from a 2-D window
that is moving within a single frame, we maintain nearly the full
spatial resolution for the DOPU images.47
The depolarization in the DOPU image, in Fig. 5(d), seems
less pronounced than in previously reported findings.47,58 To further investigate if the difference is caused by the different probing wavelength, we examined DOPU images from the same
subject acquired with PS-OCT set-ups working with different
probing wavelengths. Since the imaging speed of the two
set-ups is different (70 and 350 kHz), we decided to use the
2-D window method because, for this method, the window size
for calculating the DOPU values can be better matched. Since
DOPU values are statistic values, varying the window size can
influence the DOPU values.
For a quantitative comparison, two areas of the same size
and at the same spot within each DOPU image, were extracted
and average DOPU values were calculated. One position was
within the RPE directly in the fovea centralis where we observed
average DOPU values of 0.5 for the 840 nm set-up and 0.74 for
the set-up presented here. For a spot more nasal (5 deg from
fovea centralis) on the RPE, we found averaged DOPU values
of 0.64 (840 nm) and 0.78 (1060 nm).
There seems to be a trend to higher DOPU values (less depolarization) in the RPE for the 1060 nm set-up, however, more
detailed studies in a larger study group are needed to support
this preliminary finding.
Additionally, we applied an automated algorithm to the
high-definition images, using polarization characteristics for
segmenting the RPE and the choroid-scleral interface (CSI),
for choroidal thickness measurements. The segmentation is performed using polarization data solely based on the procedures
explained in Ref. 39. However, the data sequence used for averaging was acquired in 0.16 s (instead of 0.53 s), which is
3.3 times faster. Moreover, the scanning area was increased
by a factor of 1.6 (32 deg instead of 20 deg). The resulting segmentation lines, generated by the algorithm, are drawn in the
intensity [Fig. 5(e)] and retardation image [Fig. 5(f)]. In a second step, the choroidal thickness (ChT) was measured by
calculating the distance between RPE and CSI. For the data
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Fig. 5 Averaged 2-D data sets of the fovea of a healthy human volunteer. (50 frames averaged): (a) intensity image (log scale); (b) retardation image
(scale bar 0 deg to 90 deg); (c) fast axis orientation (scale bar 0 deg to 180 deg); (d) degree of polarization uniformity B-scan (scale bar 0-1); (e) and
(f) Segmentation of choroid based on PS-OCT data; (e) Intensity B-scans (red line: RPE, green line: CSI); (f) Retardation B-scans (top white line: RPE,
bottom white line: CSI; scale bar 0 deg to 90 deg). B-scan dimensions: 32 deg (horizontal) ×1 mm (vertical; geometric distance).

set presented here, the mean ChT was 360 μm, which is in good
agreement with the ChT measurement of the same subject
performed with the set-up presented in Ref. 41.

4

Conclusion

We developed a high-speed swept source PS-OCT system
operating at 1060 nm in combination with an FDML laser
that enables an A-scan rate of 350 kHz. By acquiring in vivo
retinal images of healthy human volunteers, we demonstrate
the feasibility of the set-up for high-speed retinal PS-OCT
measurements.
The high imaging speed allows generating 3-D data sets
with less motion artifacts and the wavelength around
1060 nm which is particularly well suited for imaging polarization characteristics of deeper layers beneath the RPE. Even in
single frames, the birefringence of the sclera is clearly visualized
and in averaged high-definition 2-D frames where the signal to
noise ratio in the deeper layers is further increased, therefore,
birefringence can be detected sufficiently well for segmentation
of the CSI.
The FDML laser features a relatively simple and, therefore,
robust optical set-up combined with the capability of arbitrary
spectral shaping. This improves the axial resolution for a given
sweep bandwidth and permits using both sweep directions for
OCT imaging without a buffering stage. Hence, we achieve high
imaging speed while keeping the optical system complexity low.
However, uncompensated chromatic dispersion, in the
long fiber resonator leads, to a rather short coherence length
of the light source which, in turn, causes a fast sensitivity
roll-off for OCT imaging. The FDML laser performs sufficiently
well for imaging thin samples, like the retina, as we have
demonstrated. However, a slower roll-off would be highly beneficial for a practical application. Slower roll-off would allow
Journal of Biomedical Optics

imaging of structures spanning a longer depth range, reduce
or even eliminate the residual asymmetry of the roll-off
for both sweep directions, and increase the tolerance for adjusting the reference path length. Especially, the first point is crucial
for introducing high-speed polarization-sensitive imaging
for clinical use since, in patients, thick pathological structures
might occur which can only partly be imaged with the system
presented here. Additionally, it would allow the positioning
of the imaged object further away of the imaging artifact that
is visible in Fig. 5 which could not be removed with fixed
pattern noise removal. Once these issues have been addressed
by further technical development, high-speed PS-OCT, at
1060 nm, has the potential to become a valuable tool for ophthalmologic diagnostics. A possible solution might be using a
concept for improving the roll-off for FDML sources which
has been presented recently.42
Additionally, further investigation and comparison of birefringence values, in the RNFL and DOPU values, obtained
from measurements with different probing wavelengths,
would be interesting to see if our findings can be reproduced.
Our suggestion for such a study would be to increase the number
of subjects and take PS-OCT set-ups with different probing
wavelengths, but with similar parameters (imaging speed, resolution, sensitivity, etc.), to ensure that observed differences
are caused solely by different probing wavelengths.
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Evaluation of usability for patient imaging

With having the images presented in the last chapters in mind and with considering the
summary of the different system parameters (Table 4), it can be concluded that the most
suitable set-up for providing an advanced imaging tool for retinal diagnostics is the swept
source set-up with the commercially available laser.
Parameters
Spectrometers Swept Source (Axsun) Swept Source (FDML)
Axial res. (in tissue)
7 μm
5.6 μm
6.4 μm
Transversal resolution
20 μm
20 μm
28 μm
Max. measured sens.
100 dB
101 dB
95 dB
Roll-off (ﬁrst mm)
4 dB/mm
1dB/mm
9 dB/mm
A-Scan rate
17 kHz
100 kHz
350 kHz
Imaging range
2.8 mm
5 mm
2 mm
Table 4: Comparison of characteristics of the different developed PS-OCT set-ups
The imaging speed is a factor of 5 higher than for the spectrometer based set-up, but with
nearly equal sensitivity and a far superior roll-off. The additional increase in imaging
speed, that can be gained with the set-up with the FDML laser does not really provide
enough advantages for the planned application to compensate for the lower sensitivity and
the larger roll-off. Additionally the laser does not run stable over long times in the conﬁguration with the spectral shaping, which is an additional disadvantage and limits the
usability of the set-up for the use as a tool for clinical diagnostics.
Therefore all images presented in Chapter 4 and the algorithm developed for choroidal
thickness measurements were based on data acquired with the Axsun swept source set-up.
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Applications of PS-OCT at 1060 nm
Automated choroidal thickness measurements in averaged 2D data
sets

Using the swept source set-up with the Axsun laser, further tests about possible applications in retinal imaging, where the advantages of the longer wavelength are crucial, were
examined. Since the choroid is gaining more and more interest in the last years and since
the developed system provides advantages when imaging this area of the eye, a focus was
laid on choroidal imaging. Healthy human volunteers were measured and the resulting
images showing the polarization characteristics in choroid and sclera were examined and
compared. Thereby we observed that the birefringence in the sclera varies between different subjects and also according to the region in the eye. Additionally we also observed
interesting structures at the interface between choroid and sclera, while developing an automated segmentation algorithm.
The algorithm for automated choroidal thickness (ChT) measurements and the results of
a proof of principle study in 5 volunteers and a discussion about the above mentioned
structures at the interface between choroid and sclera are further explained and published
in Optics Express - vol.89, No 5, May 2012 under the title Automated measurement of
choroidal thickness in the human eye by polarization sensitive optical coherence tomography by Teresa Torzicky, Michael Pircher, Stefan Zotter, Marco Bonesi, Erich Götzinger,
and Christoph K. Hitzenberger [5].

Automated measurement of choroidal thickness
in the human eye by polarization sensitive
optical coherence tomography
Teresa Torzicky, Michael Pircher, Stefan Zotter, Marco Bonesi, Erich Götzinger, and
Christoph K. Hitzenberger*
Center for Medical Physics and Biomedical Engineering, Medical University of Vienna, A-1090 Vienna, Austria
*
christoph.hitzenberger@meduniwien.ac.at

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.
©2012 Optical Society of America
OCIS codes: (170.4500) Optical coherence tomography; (230.5440) Polarization-selective
devices; (170.4470) Ophthalmology; (170.4580) Optical diagnostics for medicine.
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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
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 choroidsclera 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, PSOCT 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;

86'
(C) 2012 OSA

5HFHLYHG-DQUHYLVHG0DUDFFHSWHG0DUSXEOLVKHG0DU
26 March 2012 / Vol. 20, No. 7 / OPTICS EXPRESS 7566

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 2channel 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.
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).
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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.

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) x 1 mm (vertical; geometric distance).

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

86'
(C) 2012 OSA

5HFHLYHG-DQUHYLVHG0DUDFFHSWHG0DUSXEOLVKHG0DU
26 March 2012 / Vol. 20, No. 7 / OPTICS EXPRESS 7568

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 δ 1 is located. Ideally, δ1
would be equal to δpr. However, because of the noisy retardation signal in the choroid, the
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 z CSI (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 z CSI 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.)
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3. Results

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) x
1060 μm (vertical; geometric distance).

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.
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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).

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).

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).

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°.

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.

86'
(C) 2012 OSA

5HFHLYHG-DQUHYLVHG0DUDFFHSWHG0DUSXEOLVKHG0DU
26 March 2012 / Vol. 20, No. 7 / OPTICS EXPRESS 7571

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
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.
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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 PSOCT 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 δ offset (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).

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) x
1060 μm (vertical; geometric distance).

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
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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 nonbirefringent. Therefore, the true CSI position remains unclear in these areas, and further
research and comparison with histology is needed.
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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Automated choroidal thickness measurements in 3D data sets

ChT maps, generated from 3D data sets, are more promising for clinical long term studies on pathological changes in the choroid as ChT measurements in 2D data sets, since
they ensure that thickness measurements from the same area can be compared at different
points in time (in different measurements). As studies based on manual segmentation have
shown, ChT varies highly on a rather narrow scale and therefore a comparison of thickness
measurements in just two dimensions can lead to inaccurate measurements, if the compared measured positions vary slightly [23]. Therefore, different ways for extending the
algorithm presented in the previous chapter to 3D data sets were investigated.
The challenge for performing automated, polarization characteristics based segmentation
of the CSI and ChT measurements in 3D is that averaging over a high number of frames
(50 frames) is not possible and therefore the detected signal from deeper areas is lower. So
the boundary between choroid and sclera can not be detected in each A-scan. To overcome
this issue, two different methods were developed and tested.
Method 1: PS-OCT data based algorithm suitable for single frames Method 1 uses
the algorithm developed for highly averaged frames and applies it to single B-frames of
the 3D data set for deﬁning the CSI in each A-scan. As expected it is not possible to detect
the CSI in each A-scan, so an additional parameter is introduced for characterizing and
excluding A-scans where a segmentation is not possible. The procedure to distinguish between reliable and unreliable segmentation points generates as a ﬁrst step a polynomial ﬁt
between the existing CSI segmentation points. In a second step the distances between the
ﬁtted line and the segmentation points are calculated and only segmentation points within
a certain range are classiﬁed as reliable. For generating a continuous CSI segmentation
line all points classiﬁed as not reliable are excluded and an interpolation between the reliable segmentation points is conducted. The ChT is calculated by calculating the distance
between the RPE and the CSI segmentation line.
The described method only works in case the signal strength from deeper layers is high
enough, to have enough A-scans delivering reliable segmentation points, because otherwise the polynomial ﬁt does not deliver a line close enough to the real CSI. For the small
number of subjects that were investigated so far, the signal strength in all measurements
was sufﬁcient for using method 1.
Representative results achieved with method 1 in a healthy human volunteer are shown
in Figure 19, where an en-face projection of a 3D data set, the corresponding choroidal
thickness map and a central intensity and retardation B-scan including the automated segmentation lines for RPE and CSI are shown.
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Figure 19: Results achieved with method 1 in a healthy human volunteer. Left top: Enface intensity projection image (Yellow line shows position of the intensity and retardation
B-scan shown on the images in the bottom); Right top: Choroidal thickness map (scale:
0-400 μm); Left bottom: Central intensity B-scan (log scale) including segmentation lines
for RPE and CSI based on method 1; Right bottom: Central retardation B-scan (scale:
color bar 0-90°) including segmentation lines for RPE and CSI based on method 1
In a next step method 1 was tested in 4 different subjects in 3D Scans centered at different
areas and the reproducibility of the thickness measurements in 3D data sets was assessed.
Figure 21 shows results from repeated measurements in the same healthy human volunteer.
For a quantitative investigation of the reproducibility of the ChT values, the ChT in certain
areas in each image were investigated and compared. For the investigation an area of 200
pixels (rectangle with 10 pixel height and 20 pixel length) was extracted and averaged at
a Central(C), Nasal(N), Superior(S), Inferior(I), Temporal(T) position, where Central was
on the Fovea Centralis and the other 4 positions in a distance of 3mm to the fovea centralis
as shown in Figure 20.
The results (mean ChT and STD of 3 measurements) for the data shown in Figure 21 are
C = 291 μm (7 μm), I = 334 μm (6 μm), N = 196 μm (2 μm), S = 348 μm (8 μm), T = 264
μm (15 μm), the mean relative STD is 2.6% of the measured ChT, which is very good in
comparison to manual segmentation done in different studies [81].
Figure 22 shows the results of the above described measurement conducted for all 4 subjects that were measured in the study. Each volunteer was measured three times and the
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Figure 20: En-face intensity image (left; log scale) and ChT map (right; scale: color bar
0-400 μm). Letters are indicating the positions chosen for quanititative analysis of ChT
values of different regions in the eye.
ChT thickness values shown present average ChT values in the speciﬁed area for these
three measurements. The overall mean STD was 5.2% of the measured ChT, which is not
as good as in the volunteer shown in Figure 21, but still a good result in comparison to
manual segmentation. Repeatability and reproducibility of thickness measurements in different layers in the eye were examined and discuss in detail in [81] and the repeatability of
manual segmentation done by the same grader varied between 12 % (experienced grader)
and 20% (inexperienced grader).
When comparing the segmentation of the 3D data sets with the one from the highly averaged 2D frames, the irregularities in the CSI, which were observed in the highly averaged
frames are not so distinctive and a possible explanation for this is the interpolation used in
method 1. For ChT measurements method 1 seems to be sufﬁcient, but since an additional
objective was to investigate the observed irregularities of the CSI in the highly averaged
B-scans further, an approach with averaging adjacent B-scans was also investigated.
Figure 23 shows averaged B-frames (5 consecutive frames were averaged) taken from the
3D data sets that where segmented with method 1 before. When taking a closer look at
the retardation frames, certain areas with a less steep increase of retardation values in the
sclera are visible (marked by red squares). The segmentation method 1 ignores these areas
by interpolating between the neighbouring segmentation points.
For investigating if these measured discontinuities in the scleral birefringence are reproducible, an algorithm where the CSI segmentation follows the measured retardation char-
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Figure 21: En-face intensity images (top row; log scale) and resulting ChT maps (bottom
row; scale: color bar 0-400 μm) generated by automated segmentation method 1 for 3 data
sets acquired in the same healthy volunteer for reproducibility study.

Figure 22: Results of reproducibility study of automated ChT measurements of speciﬁc
areas in 4 healthy human volunteers
acteristics more closely was developed.

Method 2: PS-OCT data based algorithm with ﬂoating average on consecutive BScans before segmentation For method 2 a ﬂoating averaging window, which averages
5 consecutive B-Scans is used and only after averaging segmentation is conducted. The
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Figure 23: Averaged intensity (top row; log scale) and retardation (bottom row; color bar
0-90°) images taken from 3D data set of a healthy human volunteer. Interesting variations
in the scleral retardation values are observed in the areas marked by red rectangles.
resulting averaged B-scans show sufﬁcient signal in the retardation images to segment the
CSI as described in Section 4. The ChT is calculated as in method 1, which leads again
to ChT maps as shown in Figure 24, which shows en-face intensity images and ChT maps
based on segmentation method 2 acquired in the same healthy volunteer.
Figure 25 shows the same data set segmented by the two different methods and especially
the area marked with the red rectangle shows that both methods do not deliver the same
results. Method 2 follows the retardation characteristics of the sclera more closely and
therefore certain areas where the increase in retardation in the sclera is not as strong as
in neighbouring areas lead to higher ChT values in the ChT maps. When matching the
different areas of the images acquired in the same volunteer in Figure 24 by comparing the
vessel structures, it was observed that the ChT values generated by segmenting with method
2 are reproducible also in the areas marked with the red rectangle showing unexpected ChT
values. This result might be less important for automated ChT measurements, but might
deliver valuable insights into scleral birefringence variations.
Further investigation of the reasons for the differences measured in the scleral retardation
(birefringence) would be interesting. It can be speculated that the measured birefringence
is proportional to the elasticity of the sclera, so method 2 might be potentially interesting
for studying the bio-mechanics of the sclera.
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Figure 24: En-face intensity images (top row; log scale) and resulting ChT maps (bottom
row; scale: color bar 0-400 μm) generated by automated segmentation method 2 for 3
data sets acquired in the same healthy volunteer. Areas marked with red rectangles show
unexpected choroidal thickness variations.

Figure 25: En-face intensity image (left; log scale) of 3D data set of healthy human volunteer and comparison of segmentation method 1 (image in the middle; scale: color bar 0-400
μm) and segmentation method 2 (image on the right side; scale: color bar 0-400 μm). Area
marked with the red rectangle shows the most signiﬁcant differences in the data generated
with the two different methods.
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Preliminary results of studies in patients with various ophthalmic
pathologies

With the Axsun swept source set-up a pilot study in patients with various pathological
changes was conducted, with the aim to get an overview about the system performance
in patients and to investigate, based on these ﬁrst results, for which patient groups and
diseases the new set-up brings advantages. Based on these preliminary results, further
studies with a larger number of patients will be designed.
So far 21 patients (36 eyes) were imaged, with various pathological changes like drusen,
geographic atrophies, subretinal ﬂuid, etc. In the following 3 Figures a few representative
images acquired in patients with different pathologies are shown.

Figure 26: Images acquired in a patient with geographic atrophy. Left: Intensity en-face
image (log scale), red line shows position of intensity and retardation B-scan in the top
row, yellow line shows position of intensity and retardation B-scan in the bottom row.
Middle column: Intensity B-scans (log scale), Right column: Retardation B-scans (color
bar 0-90°).
Figure 26 shows an en-face intensity image of a patient with geographic atrophy and two
intensity and retardation B-scans from areas with pathological changes. In the B-scan
marked by the red line in the en-face intensity image drusen can be observed and the RPE
is still intact. In the second B-frame marked by the yellow line in the en-face intensity
image, tissue from the geographic atrophy area is shown and the retardation image shows
that the RPE is missing in that area.
Figure 27 shows an en-face image of a patient with drusen close to the fovea centralies
and a central intensity and retardation B-scan of the area with drusen. In this image and
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Figure 27: Images acquired in a patient with drusen. Left: Intensity en-face image (log
scale), yellow line shows position of intensity (log scale) and retardation (color bar 0-90°)
B-scan shown on the right side.
also in the images from the patient with geographic atrophy a distinction of choroidal and
scleral tissue is possible due to the visible increase in the retardation values caused by the
birefringence of the sclera.
Figure 28 shows intensity, retardation and DOPU B-scans from three different positions
taken from a 3D data set of a patient with choroidal neovascularization. The frames presented here show areas with subretinal ﬂuid, drusen and other interesting highly reﬂecting
structures with depolarizing content as the DOPU image shows (right column).
Figure 29 shows several intensity and retardation B-scans taken from a 3D volume acquired
in a patient with choroidal neovascularization. In all frames polarisation characteristics of
the choroid and the sclera can be examined and some interesting retardation variations can
be observed. For further examining the causes of this various more detailed studies are
needed, but it seems like the developed PS-OCT set-up delivers a suitable tool for doing
so, with its enhanced penetration depth.
As conclusion of the studies performed so far the most interesting application for PS-OCT
at 1060 nm are studies with a focus on pathological changes in the choroid and sclera.
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Figure 28: Intensity (top line; log scale), retardation (middle line; color bar 0-90°) and
DOPU (bottom line; color bar 0-1) images of three different positions taken from one 3D
data set of a patient with choroidal neovascularization.
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Figure 29: Intensity (left column; log scale) and retardation (right coloumn; color bar 090°) single frames from different positions in the eye taken from a 3D data set of a patient
with choroidal neovascularization.
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Summary and outlook

During the work for this thesis three different PS-OCT set-ups for retinal imaging working
at a central wavelength of 1060 nm were developed and their performance was compared.
The one with the best performance for the planned application was reﬁned and used for
investigating the imaging performance in patients and the usability of PS-OCT data for
automated RPE and CSI segmentation and choroidal thickness measurements.
In general the performance of the 1060 nm PS-OCT set-up for imaging retinal layers (layers above the RPE) and pathologies in these layers did not show signiﬁcant advantages or
disadvantages in comparsion to 840 nm PS-OCT set-ups in the small group of patients imaged so far. For a more profound analysis a larger number of patients needs to be examined,
which is planned for the future.
When imaging deeper layers of the ocular fundus like the choroid and sclera, performance
advantages of the 1060nm PS-OCT set-up can be observed, and especially the different algorithms developed for automated measurements of chorodial thickness are not applicable
for data acquired with 840 nm PS-OCT set-ups.
For future applications it would be interesting to investigate the capabilities of the presented
automated ChT measurements in 3D data sets in a larger group of healthy volunteers and
compare it to automated intensity based segmentation [82] of the same volunteers and
to intensity based manually segmented data and examine the reproducibility of thickness
measurements acquired with the different methods. It would be also interesting to examine,
if the diurnal variations in ChT observed by [76] can be reproduced by polarization based
algorithms.
Beside further studying the choroid and its thickness in healthy volunteers, investigating
ChT in certain patient groups would be of special interest. A preliminary trial performed
by our group in two patients with age-related macular degeneration (AMD) has shown a
trend to thinner ChT in this patient group as compared to healthy volunteers. In all healthy
subjects measured so far the average ChT was above 200 μm, while the average ChT in
the examined AMD patients was around 140 μm. Other patient groups, where changes in
choroidal thickness have been observed by intensity based algorithms are patients with high
myopia and diabetic retinopathy. As soon as the reproducibility of the presented algorithm
is proven in a larger number of healthy volunteers, these patient groups would be the most
interesting ones for further studies conducted with the 1060 nm PS-OCT set-up.
Another interesting aspect would be to further investigate the observed retardation variations in different scleral areas and see if the measured differences are in correlation with
scleral elasticity and/or collagen ﬁber density in these areas. Another explanation for the
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observed differences in the retardation values could be also a different orientation of collagen ﬁbers. However, to investigate the observed retardation variations in more detail,
further studies in ex-vivo samples would be necessary. Therefore it might be interesting to
use the developed PS-OCT set-up and algorithms for studying animal models in-vivo with
subsequent ex-vivo investigation.
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