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Abstract
The human retina is a most important tissue and plays a fundamental role for the vision.
Diseases of the eye aﬀect the normal retinal function which, if untreated, may lead to
vision loss or ultimately to blindness. Thus, in vivo diagnostic tools that provide detailed
information on the retinal status are required in order to improve diagnosis and treatment.
In recent years, several new optical imaging methods of the human retina have been
developed and now represent the key part in a standard ophthalmic examination process.
One of these technologies is optical coherence tomography (OCT), which provides images
of the retina noninvasively and with a high axial resolution. However, imperfections of
the eye’s optics cause aberrations of the wavefront of the imaging light, thus limiting
the transverse resolution of such systems. Improvements in the resolution of retinal
images are necessary to resolve individual cells (e.g. photoreceptors) which may provide
new opportunities in retinal diagnostics and therapy control. Adaptive optics (AO), a
technology known from astronomy, may be used to increase image resolution. Aberrations
of the imaging light are measured and corrected, resulting in an increase of lateral resolution
up to the diﬀraction limit. Within this thesis, AO was combined with a scanning laser
ophthalmoscope (SLO) that enables high resolution imaging of the retina. Measurements
on healthy subjects demonstrated the ability of the system to resolve foveal cones (the
smallest cone photoreceptors within the retina) and even rod photoreceptors. However,
the depth resolution of the system remained limited compared to OCT instruments. Thus,
in a second step, the instrument was extended to a combined AO-SLO/OCT system. The
OCT system is based on transversal scanning (TS)-OCT which records en-face images
of the retina and incorporates a high-speed axial eye tracking device. Together with
transverse motion correction based on the AO-SLO images, the system greatly reduces
eye motion artifacts in the recorded volume scans. The capability of the AO-SLO/OCT
system was tested with measurements in healthy volunteers: the instrument allowed the
visualization of the 3D architecture of foveal cones and rods with virtually no motion
artifacts. The ﬁrst chapter of this thesis provides a short overview on the state of the art
in optical imaging methods. In the next two chapters, the two publications that arose
during this thesis are presented. The ﬁrst publication describes the AO-SLO system and
presents corresponding imaging results. The second publication contains the realization
of the combined AO-SLO/OCT instrument together with ﬁrst images obtained with the
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instrument. The thesis concludes with a discussion of the advantages and features as well
as possible improvements of the instrument together with recommendations for further
investigations.

Kurzfassung
Die Retina ist ein sehr wesentliches Gewebe im menschliche Auge und spielt eine entscheidende Rolle beim Sehen. Erkrankungen des Auges können die normale Funktion der
Retina stören und unbehandelt zu eingeschränktem Sehvermögen und letztendlich bis
zu Blindheit führen. Um Diagnose und Behandlung solcher Erkrankungen zu verbessern
bedarf es in vivo Methoden welche den Zustand der Retina erfassen. In den letzten Jahren
sind mehrere neue optische Bildgebungsverfahren entwickelt worden die dies ermöglichen.
Diese Verfahren haben sich mittlerweile rasch als klinischer Diagnosestandard etabliert.
Die optische Kohärenztomographie (OCT) ist eines dieser Verfahren welches die Aufnahme von nicht-invasiven Querschnittsbildern der Retina mit hoher axialer Auﬂösung
ermöglicht. Allerdings führen Abbildungsfehler der Optik des Auges dazu, dass die laterale
Auﬂösung dieser Verfahren limitiert ist. Um die Retina in vivo auf zellulärer Ebene zu
untersuchen und einzelne Zellen (z.B. Photorezeptoren) sichtbar zu machen, bedarf es
einer Verbesserung der lateralen Auﬂösung. Dadurch würden neue Diagnoseverfahren
und Untersuchungen des Behandlungsverlaufs möglich. Die Adaptive Optik (AO) ist
eine Technologie aus der Astronomie und hat das Potential die laterale Auﬂösung am
Auge zu verbessern. Wellenfrontverzerrungen des Messstrahls werden gemessen und
korrigiert wodurch die laterale Auﬂösung bis zum theoretischen Limit (Beugungslimit)
verbessert werden kann. In dieser Doktorarbeit wurde die AO mit einem Scanning-LaserOphthalmoskop (SLO) kombiniert wodurch hochaufgelöste Bilder der Retina ermöglicht
wurden. Messungen an gesunden Probanden haben gezeigt, dass foveale Zapfen (die
kleinsten Zapfen im Auge) und sogar Stäbchen aufgelöst werden können. Allerdings hat
das Instrument im Vergleich zur OCT eine limitierte axiale Auﬂösung. Darum wurde
in einem zweiten Schritt das System zu einem kombinierten AO-SLO/OCT Instrument
erweitert. Die OCT basiert auf einem transversal scannenden (TS)-OCT, welches en-face
Bilder der Retina aufnimmt und über einer eingebauten axialen Augennachführung verfügt.
In Kombination mit der transversalen Augenbewegungskorrektur die auf dem SLO-Kanal
basiert lassen sich die Bewegungsartefakte in Volumensaufnahmen stark reduzieren. Das
Instrument wurde an gesunden Probanden getestet und ermöglichte die 3D-Visualisierung
von fovealen Zapfen und Stäbchen mit sehr geringen verbleibenden Bewegungsartefakten.
Im ersten Kapitel diese dieser Doktorarbeit wird ein Überblick über den aktuellen Stand
der optischen Bildgebung am Auge gegeben. In den nächsten beiden Kapiteln werden die
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beiden Publikationen die während dieser Doktorarbeit entstanden sind vorgestellt. Die
erste Arbeit beschreibt das AO-SLO Gerät und die Resultate an gesunden Probanden. Die
zweite Arbeit beinhaltet das AO-SLO/OCT System mit ersten Resultaten des Geräts. Die
vorliegende Doktorarbeit schließt mit einer Diskussion der Vorteile und Möglichkeiten des
Instrumentes als auch möglicher Verbesserungen und Empfehlungen für weitere Schritte
und mögliche weitere Untersuchungen.
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1 Introduction
1.1 Motivation
Vision is one of our most important and complex senses and its loss aﬀects human beings
dramatically. The vision process is enabled by the eye, where the optics of the eye create
an image of the world onto the inner eye (i.e. retina). This image is converted by the
retina into nerve-impulses and preprocessed before being sent to the brain where vision is
ﬁnally happening.
In the developed countries the major causes for loss of vision are retinal diseases [1].
Imaging the normal and diseased retina can give insights into the process of vision as
well as into the development and progression of diseases. Optical imaging methods are
routinely used for this purpose. However, the resolution provided by commercially available
instruments remains limited.
Retinal imaging on a cellular level is challenging because of imperfections of the eye’s
optics. The imaging beam has to traverse the optics of the eye twice in order to retrieve
an image of the retina. The lateral and axial resolution is limited by diﬀraction but
also by wavefront distortions introduced by imperfections of the eye. Assuming an eye
without imperfections the resolution increases with pupil size and will reach a maximum
for the fully dilated eye (7-8 mm pupil diameter). In reality every eye suﬀers from optical
imperfections and thus the achieved resolution will be less than in the diﬀraction limited
case [2, 3, 4]. Even when focus and astigmatism are corrected the resolution is degraded
by residual high order aberrations. The inﬂuence of these aberrations increases with pupil
size. To minimize them the beam diameter for imaging should not extend 2-3 mm [5].
Standard optical imaging techniques for the eye have therefore a maximal transversal
resolution of 10-20 μm which is not suﬃcient to resolve the cellular structure of the retina
in vivo. Diseases can therefore only be detected when cellular damage has already occurred
on a macroscopic level. An investigation of the progression and treatment response remains
limited. In case of a Gaussian beam the axial resolution depends on the same parameter
as the lateral resolution and links them together. In terms of axial resolution a rather
new imaging technique, optical coherence tomography (OCT), overcomes this limitation.
This technique decouples axial resolution, which depends only on the bandwidth of the
imaging light, from the lateral resolution. With an axial resolution in the order of a few
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μm, OCT is capable to resolve individual retinal layers and has meanwhile evolved into a
powerful tool in clinical routine.
In order to improve lateral resolution adaptive optics (AO) is a technique which can be
implemented into an optical imaging system. The basic idea is to measure and correct
aberrations and therefore improve the lateral resolution. If all aberrations are perfectly
corrected the system should reach diﬀraction limited performance. The combination of
AO and OCT has hence the potential to provide 3D images with high resolution in all
dimensions and reveal the 3-dimensional cellular structure of the human eye.
The following chapters will give a brief overview over the human eye and the aspects of
the diﬀerent techniques implemented in the experimental setup of this thesis.

1.2 The human eye
The human eye is a light sensitive organ and one important window to the world. It
detects light in a wavelength range between 400 nm to 750 nm. The optics of the eye
produce an image of an object onto the retina which converts the light into electrical
signals, performance a kind of preprocessing of the data and sends the information to the
brain.

1.2.1 Anatomy of the human eye
The human eye is roughly spherical in shape with a diameter of appr. 24 mm for an
emmetropic (normal vision) adult [6]. Its boundary consists, as shown in Fig. 1.1, of three
distinct layers of tissue.
• The outermost layer (ﬁbrous tunic) is formed by the sclera and cornea, which
protects the eyeball.
• The middle layer (vascular tunic) consists mainly of the choroid, which nourishes
the eyeball, the ciliary body and the iris.
• The third layer (nervous tunic) is the retina, which detects the light, converts it into
electrical signals, performs a preprocessing of the data sends the information to the
brain (visual cortex).
The eye is embedded in the cavity of the orbit and can be moved by 6 muscles which
are attached to its outer surface and nearby bones. At the optic disc (blind spot on
the retina) the optic nerve and the retinal blood vessels exit the eye and connect it to
the brain and the blood supply system. Light enters the eye at the cornea which forms
together with the lens the main part of the optical imaging system of the eye. The cornea
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Figure 1.1: Schematic drawing of the human eye. The eye ball is formed by the outer
layer (sclera and cornea), the middle layer (choroid, ciliary body and iris) and the inner
layer (retina). Light enters the eye at the cornea which forms together with the lens an
image on the posterior side of the eye (retina). Light is detected at the retina, converted
into electrical signals, preprocessed and then the information is sent to the brain. From
Crouch [6].
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contributes appr. 43 dpt to the optical power of the eye and the lens 10 - 20 dpt. The iris
acts as adjustable aperture which increases the dynamic range of the eye by controlling
the amount of light that enters the eye. The lens enables the eye to focus onto objects at
diﬀerent distances. For this accommodation the ciliary muscles contract which changes
the shape and therefore the refractive power of the lens. Posterior to the lens the light
travels through the vitreous body, which is a gel-ﬁlled space between lens and retina. At
the retina light is detected by photoreceptors cells.

1.2.2 Aberrations introduced by the human eye
In an optical system aberrations of the imaging beam result in a deviation of the imaging
quality from the ideal case. There are two types of aberrations:
• monochromatic aberrations, which occur due to the imperfect geometry of an optical
element
• chromatic aberrations, which are caused by dispersion (the wavelength dependency
of the refractive index of materials)
When imaging the human eye both are present. Monochromatic aberrations result in a
distortion of the wavefront. In case of a circular aperture aberrations can be described
by Zernike polynomials [7]. They are usually expressed in polar coordinates (ρ ,φ) where
0 < ρ < 1, 0 < φ < 2π. Their deﬁnition is for even ones
Znm (ρ, φ) = Rnm (ρ) cos(m, φ)

(1.1)

Zn−m (ρ, φ) = Rnm (ρ) sin(m, φ)

(1.2)

and for odd ones

m, n an k are nonnegative integers with n ≥ m
Rnm (ρ)

(n−m)/2

=


k=0

(−1)k (n − k)!
ρn−2 k
k! ((n + m)/2 − k)! ((n − m)/2 − k)!

if n − m is even

(1.3)

and
Rnm (ρ) = 0

if n − m is odd.

(1.4)

In Fig. 1.2 a graphical representation of Zernike polynomials up to the 6th order and
their common name is shown.
The monochromatic aberrations increase with pupil diameter and cause a distortion of
the focal spot on the retina which results in a degradation of resolution. A normal human
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Figure 1.2: Graphical representation of low order Zernike polynomials and their common
names. These polynomials can be used to describe the wavefront distortions in AO.
Piston is an overall oﬀset and can be neglect. Tilts will normally not inﬂuence the image
quality. Defocus and astigmatism can be corrected with trial lenses while for high order
aberrations AO is necessary. From Maeda [8].

.
Figure 1.3: Point spread function (PSF) of a diﬀraction limited (ideal) eye vs. a typical
eye. In case of an aberration free eye (diﬀraction limited eye) the spot size at the
retina for diﬀerent pupil size diameter decreases with beam diameter. Due to increasing
aberrations with pupil size in a real eye the spot gets increasingly smeared which reduces
the lateral resolution. AO can compensate for these aberrations and produce a spot
size similar to the diﬀraction limited case. Adapted with permission from Roorda [9]
(©Journal of Vision)

5

1 Introduction

6

eye may yield a diﬀraction limited image as long as the diameter of the iris is below 3.5
mm [10]. In Fig. 1.3 the inﬂuence of aberrations and pupil diameter on the point spread
function (focal spot) at the retina is shown. If larger beam diameters are used for imaging,
AO has to be implemented in order to achieve diﬀraction limited performance.
Chromatic aberrations are usually divided into longitudinal chromatic aberration (LCA)
and transverse chromatic aberrations (TCA). LCA describe the change of focus in depth
depending on the wavelength (the focal spot location in depth depends on the wavelength),
while TCA are responsible for a shift of the focal spot with wavelength in transverse
direction (i.e. perpendicular to the beam propagation).
Aberrations introduced by the human eye depend on the incident angle of the imaging
beam. This limits the ﬁeld angle over which aberrations can be assumed as constant and
diﬀraction limited imaging is achieved using AO. This angle is known in AO imaging as
isoplanatic angle or isoplanatic patch [11]. For the human eye the isoplanatic angle varies
from subject to subject and an angle of 1-2 degrees can be found in literature [12].

1.2.3 The human retina
The human retina is a transparent thin tissue consisting of 10 layers as shown in Fig. 1.4.
Its thickness ranges from 200 μm (foveal pit) to roughly 400 μm in most adults [13]. Close
to the center of the retina is the macula lutea with an diameter of around 6 mm. At its
center, the fovea centralis (diameter 1.5 mm ), is located as shown in Fig. 1.1. The retina
and the optic nerve grow from the developing brain [14]. It is considered to be part of the
central nervous system (CNS) and is actually brain tissue. Light enters the retina from
the top in Fig. 1.4 and stimulates photoreceptor cells (rod and cone photoreceptors). A
nerve impulse is generated within these cells and via the above layers the information is
preprocessed and ﬁnally transmitted to the brain.
Rod photoreceptors are very sensitive to light and enable scotopic vision. These receptors
are mainly used for night or twilight vision. Cones are active at higher light levels and
enable photopic vision (color perception). There are 3 types present in the human
retina S, L and M-cones which detect light in the short, medium and long wavelength
region, respectively. These photoreceptors are used for daylight vision. Rod and cone
photoreceptors are not homogeneously distributed throughout the retina. As shown in Fig.
1.5 the cone density is highest in the fovea and at its center no rods are present (fovea
centralis). This is the region of sharpest vision. The diameter of the cone photoreceptor
varies from ∼ 2.5 μm in center of the fovea centralis to ∼ 10 μm in the outer retinal region.
The rod photoreceptors diameter ranges from ∼ 2.5 μm (appr. at an eccentricity of the
optic disk) to 5.5 μm in the periphery [15].
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Figure 1.4: Scheme of the human retina. A) stained and magniﬁed representation of
the layer structure. B) Schematic representation of the cellular structure. Large arrows
indicate the direction of the incident light, while small arrows indicate the direction of
passage of nerve impulses. From Crouch [6].
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Figure 1.5: Distribution of cone and rod photoreceptors at the retina dependent on
the eccentricity from the fovea. In the macula the cone density is highest and reaches
its peak in the fovea centralis (0 degree). In this region no rods are present and this
part of the retina achieves the highest visual acuity. Outside the fovea the rod density
increases (up to 15 - 20 degree), while cone density drops. At the optic disk (blind spot)
no photoreceptors are present. From Neuroscience [16].
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Retinal diseases
Retinal diseases can lead to reduced vision and blindness. Age-related macula degeneration
(AMD) is the leading cause of severe vision loss and blindness in the industrialized countries
[17]. The disease causes a progressive loss of vision in the central retina (macula lutea,
fovea centralis) due to degeneration of the photoreceptors. Its underlying cause is not
fully understand yet but several risk factors have been identiﬁed (e.g. age, hereditary
factors, cardiovascular disease, environmental factors such as smoking and light exposure
and nutritional causes) [16]. The disease becomes clinically relevant after the suspect
has reached an age of 50+, and can be classiﬁed into ”dry” or ”wet” AMD. Dry AMD
occurs most frequently(90 %) and its late stage, the geographic atrophy (GA), is caused
by the gradual disappearance of the retinal pigment epithelium (RPE) and the overlying
photoreceptors. At the moment no medical or surgical treatment is available. In wet
AMD (eﬀecting 10% of the patients) the blood vessels under the macula show an abnormal
growing. These blood vessels leak ﬂuid and blood into the retina and cause damage to the
photoreceptors. The treatment for wet AMD is laser therapy which destroys leaky blood
vessels under the macula and medication using anti vessel growth drugs (e.g. anti-VEGF
(Vascular endothelial growth factor) therapy). [18]
Diabetic Retinopathy refers to a group of eye disease aﬀecting people which suﬀer from
diabetes. All groups can cause severe vision loss or even blindness through the swelling
and leaking of blood vessels or an abnormal growth of blood vessels at the surface of the
retina. It can be treated using laser therapy, injection of corticosteroids or Anti-VEGF
drugs and vitrectomy (surgery to remove the vitreous humor or parts of it).[19]
Glaucoma describes a group of ocular disorders with heterogeneous causes that results in
damage to the optic nerve ﬁbers and associated with this in a progressive loss of visual
ﬁeld. It is characterized by a slow, progressive degeneration of retinal ganglion cells
(RGCs) and optic nerve axons. The underlying cause of glaucoma is unclear but certain
risk factors are known (increased intraocular pressure (IOP), aging, family history, high
myopia, systemic hypertension, cardiovascular disease, migraine headaches, peripheral
vasospasm and prior nerve damage). The damage cannot be repaired but progression can
be slowed down or stopped in some cases using medications or surgery (including laser
surgery).[20]
After this brief overview of the eye and the retina the next chapter presents optical imaging
techniques that are available for the retina.
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1.3 Optical retinal imaging techniques
The internal of the eye is easily accessible with light. Optical imaging has therefore become
the most important clinical tool in disease investigation and diagnosis. The three major
imaging techniques are brieﬂy presented in the following chapter.

1.3.1 Fundus photography
This technique is widely used in clinical routine an is still considered as ”gold standard”
for diagnosis. In fundus photography the entire ﬁeld of view on the retina is illuminated
at once and a camera takes an image. One major drawback of ﬂood illumination systems
is their lack of confocality and depth resolution. The diﬀerent layers of the retina cannot
be sectioned and due to inﬂuences from scattering of diﬀerent layers the image contrast
may be reduced.

1.3.2 Scanning laser ophthalmology
A scanning laser ophthalmoscope (SLO) uses a focused light beam to raster scan the retina
and to create an image. It was invented in 1980 by Webb et al. [21, 22] and improved by
the use of a confocal pinhole in the detection [23]. The technique provides typically 5-10
μm lateral resolution and 200-300 μm axial resolution [4]. The contrast is increased in
comparison to fundus photography, due to the pinhole in the detection which rejects light
from out of focus planes. It provides also real-time imaging (e.g. 40 fps) and higher light
collection eﬃciency. One drawback is a more complex setup with moving parts (scanners).

1.3.3 Optical Coherence Tomography
Optical coherence tomography (OCT) is a non-invasive interferometric imaging modality
that enables to record cross-sectional images and 3-dimensional data sets of transparent
and translucent samples with micrometer scale resolution in real time. It is based on
low coherence interferometry [24] and was in 1991 for the ﬁrst time used to generate
tomographic images [25]. Since then OCT has found numerous applications e.g. in
ophthalmology, endoscopy, dermatology and material science [26, 27, 28, 29, 30]. Standard
OCT systems provide retinal images with an axial resolution better than 10 μm. The
technology had a major impact in ophthalmology and meanwhile has become a standard
clinical imaging tool. However the lateral resolution of these systems is rather limited (20
μm). In the following basic principles of OCT shall be outlined.

1 Introduction

11

Interference and coherence of light
OCT is based on interference and uses the coherence properties of light. This sections
outlines these properties and is based on the description of the interference and coherence
of light in the text book ”Principles of Optics” by Born and Wolf [31]. The classical
description of light is based on Maxwell’s equations. Light can be described as an
electromagnetic wave and the most simple case is the monochromatic harmonic plane
#»
wave. Focusing on the electric ﬁeld (E) only the plane wave takes the mathematical form
 


#»
r · #»
s
#» #»
E( r , t) = A cos ω t −
+δ ,
v

(1.5)

r is the position vector of a point, t the time, ω the angular frequency and v the
where #»
s , a unit vector in the propagation direction of the light
speed of light in the direction of #»
and δ a constant phase shift. It is important to know that Maxwell’s equations are linear
diﬀerential equations therefore any linear combination of solutions is also a solution and
the superposition principle can be applied.
In a real experiment the electric ﬁeld strength cannot be measured directly. It is varying
too fast (in the order of 1014 Hz for visible light) to be observed. Only the intensity of the
light I can be measured

c
I=
4π



 2
E ,
μ

(1.6)

where c is the speed of light in vacuum,  is known as the dielectric constant, μ is the
magnetic permeability and ... denotes the temporal average. If two waves are superposed,
as e.g. shown in Young’s famous interference experiment, an interference pattern of the
intensity can be observed. The intensity of the waves at one point can be even zero
(destructive interference) and at another point equal to the sum of the single intensities
(constructive interference).
Interference of light can, also be investigated with a Michelson interferometer as shown
in Fig. 1.6. The light beam emitted from the source is split into two beams which are
back-reﬂected by mirrors. After traveling diﬀerent ways, resulting in a time diﬀerence
τ = t2 − t 1 =

s2 −s1
c ,

the beams are superimposed. The resulting intensity is measured

with the detector. The intensity can be calculated with
I = I1 + I2 + 2Re{Γ12 (τ )}
where Ii are the intensities of beam 1 and 2 and Γ12 = Ẽ1 (t − τ )Ẽ2∗ (t)

(1.7)
is the cross

correlation function (mutual coherence function). Ẽi being the the analytic signals for
Ei . Normalization of the cross correlation function Γ12 (τ ) leads to the complex degree of
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Figure 1.6: Sketch of a Michelson interferometer. Light from a source is split into equal
parts at a beam splitter. The individual beams travel diﬀerent paths and are recombined
at the beam splitter. The interference signal which is measured at the detector depends
on the optical path length diﬀerence between the two beams.

coherence

Γ12 [τ ]
γ12 (τ ) = √ √ .
I1 I2

(1.8)

Using equation 1.8 in equation 1.7 leads to the general interference law for stationary
optical ﬁelds
I = I1 + I2 + 2

I1

(r)

I2 γ12 (τ )

(1.9)

(r)

where γ12 (τ ) is the real part of γ12 . The last part in this equation describes the interference.
The resulting intensity depends on the intensity of the single waves, the path length
diﬀerence measured in τ and the complex degree of coherence which depends on the light
(r)

source properties and the transmission properties of the medium. Depending on γ12 (τ )
there can be 3 diﬀerent cases distinguished:
1. |γ12 (τ )| = 1 coherent light, interference can be observed for any path length diﬀerences Δs (or τ )
2. |γ12 (τ )| = 0 incoherent light, no interference can be observed
3. 0 < |γ12 (τ )| < 1 partially coherent (low coherent) light
In case of partially coherent light interference can only be observed if the time delay
between the two beams τ is shorter than the coherence time tc . The coherence time
depends on the spectral bandwidth Δf of the source tc ∼

1
Δf .

In case of light it is more

common to express this relation with the wavelength of light. Hence the coherence time
becomes tc ∼

1
c

·

λ20
Δλ .

Assuming a Gaussian emission spectrum SSource (λ) ∝ e−(

(λ−λ0 )2
)
Δλ2

1 Introduction

13

centered at λ0 with a FWHM)(full width half maximum) bandwidth Δλ the coherence
length becomes
lc =

4 ln 2 λ20
π δλ

(1.10)

Low coherence interferometry and optical coherence tomography
In the following the Time domain (TD)-OCT technique shall be considered which probably
results in an easier explanation of the underlying principle. Low coherence interferometry
(LCI) and optical coherence tomography (OCT) make use of partially coherent light.
If the light source in Fig. 1.6 is for example a superluminescent diode with a broad
bandwidth,then beam 1 (the reference beam) and beam 2 (illuminating the sample) will
only interfere if the optical path length diﬀerence Δs is smaller than the round trip
coherence length sc = ctc . In OCT the axial resolution Δz is therefore decoupled from the
lateral resolution and depends only on the central wavelength λ0 and the bandwidth Δλ
of the used light. It is half the coherence length (equation 1.10) as the light is traveling
two times the way between beam splitter and mirror:
Δz =

2ln2 λ0 2
π Δλ

(1.11)

In a sample backscattering sites are present at diﬀerent depths. Only light from scatterer
at a certain depth (at which the path lengths between reference arm and sample arm are
matched) will contribute to the interference signal, while light from diﬀerent planes is
rejected. To get a depth proﬁle of the sample the depth position of the reference arm
mirror is changed. This corresponds to a change of the depth location within the sample
from where the light is detected. Such a depth proﬁle is referred to as A-scan. Using
equation 1.9 with the polar form of γ12 (τ ) = |γ12(τ ) |expi[α12 − δ(τ )] with the phase angle
α and a path length depended phase delay δ(τ ) leads to a detection signal of
I(τ ) = IR +


i

Ii +



IR Ii |γRi (τ )| cos[αRi − δ(τ )].

(1.12)

i

The indices R and i indicate the reference beam and the beam reﬂected from the i-th layer
of the sample, respectively. Combining A-scans at diﬀerent lateral positions produces
cross-sectional images, referred to as B-scans. The acquisition of several adjacent B-scans
leads to a 3D volume scan of the sample. C-scans or en-face OCT images refer to an
image of the transversal plane (perpendicular to an A-scan) at a given depth.
It should be noted that besides the unprecedented depth resolution OCT has a second
advantage. The light from the sample is ampliﬁed optically by the reference beam light.
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The light intensity of the reference arm is in principle only limited by the emission power
of the used light source. The light intensity returning from the sample is in general very
low, and the incident power on the sample is limited by laser safety standard constraints.
By increasing the reference beam intensity the light from the sample arm can be ampliﬁed
optically to ensure that the receiver (detector) noise is not the limiting factor of the signal
to noise ratio(SNR). Thus, an OCT system can be shot noise limited, which means by the
theoretical limit due to the quantum nature of light itself.
In 1995 Fercher et al. [32] introduced a diﬀerent detection scheme for OCT which
is based on the spectral information of the interference signal. The so called Fourier
domain (FD)-OCT technique has the advantage that a complete depth proﬁle (A-Scan)
is measured simultaneously and that the reference mirror is not mechanically moved
during the measurement. In 2003 Leitgeb et al. showed a major sensitivity advantage of
FD-OCT in comparison with TD-OCT [33]. Since then FD-OCT became the dominant
technology in ophthalmology. Meanwhile many commercially available systems based on
this technology are used in clinics. Nevertheless none of these instruments provide cellular
resolution in retinal images.

1.4 Adaptive Optics
Adaptive optics (AO) is a technology that can be used to correct wavefront aberrations
and to improve the performance of an imaging system. It originates from astronomy
where it was ﬁrst proposed by H. W. Babcock in 1953 [34]. Aberrations of the light
from a star that are introduced by atmospheric turbulences can be corrected using this
technique. Due to its complexity it took over 2 decades until in 1977 the ﬁrst successful
implementation was built by Hardy and his colleagues [35]. Nowadays many ground
based telescopes are equipped with AO and provide high resolution images. These even
outperform images acquired with the Hubble space telescope that was sent to an orbit
above the atmosphere to avoid its inﬂuence. As the image quality in ophthalmology is
also limited by aberrations, AO technology has been translated into ophthalmology. An
overview over AO equipped imaging of the eye is given in Sec. 1.5, while in the following
a brief introduction into AO is given.
The basic idea of AO is to measure the wavefront distortions resulting from optical
imperfections and to correct them. Figure 1.7 illustrates a typical adaptive optics system
used in ophthalmoscopy. It consists of a wavefront sensor, a wavefront corrector and
a control unit (e.g. via personal computer) that evaluates the wavefront and controls
the wavefront corrector. In the following the details of the individual components of an
AO-system for ophthalmology are discussed.
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Figure 1.7: Basic principle of an adaptive optics system for the eye. The eye is illuminated
with the imaging beam. Because of imperfections of the eye optics, the wavefront of the
light exiting the eye will be aberrated. Part of the backscattered light is used to measure
the wavefront and a deformable mirror is used to correct the wavefront distortions. After
wavefront correction high resolution images of the retina are obtained. Based upon Jeﬀ
Hecht [36]

1.4.1 Wave front sensor
In ophthalmology the use of a Shack-Hartmann wavefront sensor (SHWS) [37, 38] is most
common to measure the aberrations introduced by the eye [38, 39]. The principle of the
SHWS is explained in Figure 1.8. The incident wavefront is divided into subapertures
via a lenslet array and is imaged onto a CCD camera. The local slope of the wavefront
can be calculated from the displacement of the intensity spot. The slopes are then used
to approximate the original wavefront. A detailed description and alternative wavefront
sensors can be found e.g. in Chapter 3 of Adaptive Optics for Vision Science [13].
One important issue should be mentioned here. To measure the aberrations of the eye
accurately it is critical that the system aberrations (aberrations introduced by the optical
imaging system itself) are low. This is especially critical in a scanning system. The system
design and the alignment process are imported factors that inﬂuence the correct wavefront
measurement and ﬁnally the performance of an AO-system [40, 41].

1.4.2 Wavefront corrector
Deformable mirrors (DM) and spatial light modulators are the two main types that have
been used in ophthalmology to correct the wavefront distortions. The principle is shown
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Figure 1.8: Basic principle of a Shack-Hartmann wavefront sensor. The aberrated
wavefront is imaged by a lenslet array onto a CCD camera. Every lenslet samples a
small portion of the the wavefront and the position of the spot generated by the lenslet
depends on the local wavefront slope. By measuring the displacement Δx of the spot
from the center (plane wave) the local wavefront slope can be obtained. From this data
the entire wavefront can be approximated.

in Figure 1.9. A deformable mirror consists of a reﬂecting surface, which shape can be
changed. Thereby the surface that can be either continuous or segmented. In case of a
spatial light modulator the refractive index of a liquid crystal is altered which changes
the optical path length. In both cases the wavefront can be corrected. An overview of
diﬀerent wavefront correctors and detailed information can be found e.g. in Chapter 4 of
the book by Porter et al. [13].

Figure 1.9: Basic principle of a wavefront corrector. (a) A deformable mirror changes
the shape of its surface to correct the wavefront distortions. (b) In case of a liquid
crystal spatial light modulator the refractive index of the individual pixels is changed
and therefore the optical path length which corrects the wavefront distortions. Spatial
light modulators can be used in reﬂective mode as shown here, as well as in transmissive
mode.
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1.4.3 Control Software
#»
The control software links the measured wavefront slopes S to the voltage commands
#»
V that are sent to the deformable mirror. In order to determine the proper voltage
commands for a speciﬁc wavefront shape an inﬂuence matrix has to be acquired. For this
purpose an unit voltage is applied to every actuator and the corresponding wavefront
is measured. This allows to construct the slope inﬂuence matrix A which describes the
inﬂuence of the deformable mirror on the wavefront measured by the wavefront sensor
assuming a linear system. The pseudo-inverse matrix of A, the so called command matrix
A† is calculated after this calibration measurement. Using the command matrix the
proper voltage commands are sent to the DM for each wavefront shape.
Thereby each AO-system can be operated in closed- or open loop control. Closed loop
control is more common and has the advantage of a faster and more accurate wavefront
correction but can result in a less stable loop. Its implementation is shown in Fig. 1.10.

Figure 1.10: Basic principle of a closed loop AO control system. The wavefront is
measured by the wavefront sensor and the computer uses this information to calculate
the correct voltages to be applied on the wavefront corrector. This reduces the wavefront
aberrations, which are measured again to start a new loop. Adapted from Chapter 5 in
the book [13].

1.5 Adaptive optics imaging of the retina
Assuming an eye without or with perfectly corrected aberrations the transversal resolution
reaches the diﬀraction limit that is given by the pupil size (D), the wavelength of the
imaging light (λ) and the eﬀective length of the eye (f ).
Δx = 1.22

λ·f
D

(1.13)

For a dilated eye with a pupil size of 7 mm the maximum resolution is approximately 2 2.5 μm depending on the imaging wavelength.
The use of AO in ophthalmology started in 1989 [42] and in 1997 [39] the ﬁrst closed loop
adaptive optics system that could correct higher order aberrations was implemented in a
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Figure 1.11: Axial and lateral resolution of diﬀerent imaging techniques of the eye
in comparison with the structure of the retina. Only the combination of the high
lateral resolution of AO and the high axial resolution of OCT allows to images the most
interesting cellular structures of the retina in 3D (e.g. foveal cones).

fundus camera which provided improved images of the human retina. Since then adaptive
optics has been successfully combined with the three major imaging techniques for the
eye. In Fig. 1.11 the axial and lateral resolution of diﬀerent imaging techniques of the eye
is compared. Only AO-OCT provides high resolution in all dimensions and can reveal the
3-dimensional structure of the human retina in vivo.
AO Flood illumination fundus photography
AO fundus photography has been used to image the human cone mosaic in vivo [39].
These initial demonstrations of AO-technology were limited by a rather slow wavefront
evaluation. The ﬁrst instrument employing real-time measurements of the wavefront
together with a corresponding correction of the human eye where done in 2001 [43, 44].
Meanwhile a fundus camera based AO imaging system for the eye (rtx1™ Adaptive Optics
Retinal Camera, Imagine Eyes, France) is commercially available.
AO Confocal scanning laser ophthalmoscopy
In 2002 Roorda et al. combined SLO with AO which improved the resolution signiﬁcantly
in axial and lateral dimensions (lateral appr. 2.5 μm, axial < 100 μm) [45]. This
improvements allowed to section diﬀerent structures of the retina (e.g. photoreceptors,
blood vessels, nerve ﬁber layer). The real-time imaging speed and high resolution enables
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the visualization of the motion of individual blood cells [46]. Prototypes based on this
technology are evaluated for clinical use [47, 48] and drug development [49]. Recent
improvements in the implementation of adaptive optics ( low system aberration design)
improved the achievable resolution further (lateral ∼ 2μm, axial ∼ 15μm) and made
it possible to image the smallest photoreceptors (foveal cones, rods) and achieve true
diﬀraction limited performance [40, 41].
AO Optical coherence tomography
Adaptive optics optical coherence tomography combines the high lateral resolution of
an adaptive optics system with the unprecedented high axial resolution of OCT. It can
therefore provide three-dimensional high resolution images of the retina and should be
able to reveal the 3D structure of rod and cone photoreceptors.
AO has been combined with a variety of OCT techniques. In 2003 the ﬁrst AO-OCT
system was reported by Miller et al. [50] which was based on en-face full ﬁeld TD-OCT.
Hermann et al. built in 2004 an AO-OCT system based on conventional TD-OCT [51]
and Zhang et al. combined AO with a line scan FD-OCT [52]. Fernandez et al. [53]
and Zawadski et al. [54] used scanning FD-OCT in the following year. However, it took
another year until for the ﬁrst time cone photoreceptors could be visualized with AO-OCT
in 3D using a FD-OCT approach [55]. These initial systems were shortly followed by
improved systems from the same groups [56, 57]. Bigelow et al. introduced 2007 a compact
AO FD–OCT instrument for retinal imaging [58]. It should be noted that in 2006 Pircher
et al. demonstrated photo receptor imaging with OCT even without AO [59]. This system
used transversal scanning (TS)-OCT [60, 61] and a low system aberration design together
with a moderately large imaging beam diameter (∼4 mm). An improved version of this
instrument [62] could greatly reduce axial eye motions artifacts and was used to investigate
the cone renewal process[63]. Similar results on the cone renewal process were obtained
with AO ﬂood illumination [64] and with AO-OCT [65]. The concept of low system
aberration design has been translated into AO-OCT imaging which improves the lateral
resolution of the systems [66]. A detailed review on AO-OCT and its potential can be
found in [67].

1.6 Aims of this thesis
The general aim of this thesis was to design and assemble a system that may provide
motion artifact free 3D images of the retina with diﬀraction limited resolution and therefore
visualize the cellular structure of the retina in vivo in 3D. To reach this goal the major
milestones were:
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• Design and assembly of a scanning laser ophthalmoscope adaptive optics based an
a low system aberrations design. Test and optimize the system performance and
measure healthy subjects. The outcome of this ﬁrst goal has been published in the
ﬁrst paper of this thesis (cf. chapter 2).
• Combining AO-SLO with TS-OCT incorporating an axial eye tracking system. Test
and optimize the complete system and measure healthy subjects. This work is the
content of the second paper which was published during this thesis (cf. chapter 3).
• Adopt the instrument for patients and prepare the system for preliminary measurements on patients with various diseases.

2 Adaptive Optics Scanning Laser Ophthalmoscopy
2.1 Prologue
In the introduction it was outlined that 3D images of the cellular structures of the retina
with the highest resolution can be obtained with the combination of AO and OCT. In
order to reach this goal the work was split into two parts. The ﬁrst goal was to build an
AO-SLO which provides high lateral resolution images of the retina. However, the design
should be in such a way that it can be easily combined with OCT in a next step.
In the past, AO has shown its potential to provide detailed images of the human retina.
Hereby small structures as e.g. photoreceptors, nerve ﬁbers or ﬂow of white blood cells in
retinal capillaries could be visualized [68, 39, 45, 69, 40, 41]. Especially cone photoreceptor
imaging is challenging as the size of the cone photoreceptors decreases exponentially
towards the fovea (cf. Fig. 1.5). Nevertheless, this feature may be used as a natural test
resolution target for evaluating the performance of an AO system. However, in literature
an average peak cone density of 200000 cones/mm2 with a high variability between
the subjects (100000 - 300000 cones/mm2 ) can be found [15]. This high variability of
cone density between individuals limits the signiﬁcance in terms of resolution of a single
measurement. Nevertheless, multiple measurements (on diﬀerent volunteers) of the cone
receptor mosaic may be used to estimate the lateral resolution of a system. Assuming
a dense hexagonal packaging in the center leads to a maximum cone spacing of appr.
2.4 μm. Rod photoreceptors have a similar size. As mentioned in the introduction this
lies within the achievable optical resolution using an AO-equipped instrument. At the
beginning of this thesis the capability of resolving foveal cones with AO-systems was very
limited. Visualization of rod photoreceptors was believed to be not possible at the current
imaging wavelength (> 600 nm). This was mainly due to the measured wavefront after
AO-correction which indicated diﬀraction limited performance. However, aberrations
introduced by the system itself have been neglected, because these have been considered
to be removed by the AO-correction. In case of a scanning system (e.g. SLO, OCT)
these aberrations lead to an averaging of the wavefront that is detected by a rather slow
(compared to the scanning velocity) wavefront measurement using a Shack–Hartmann
wavefront sensor. Higher order aberrations are therefore neither detected nor corrected
leading to a resolution beyond the diﬀraction limit. The standard approach for imaging
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in an AO-system is the implementation of spherical mirrors. These are used in an oﬀaxis conﬁguration which introduces large aberrations. To correct these rather strong
aberrations a woofer-tweeter concept has been suggested [70] in which one deformable
mirror with a large stroke is dedicated to correct the system aberrations, while a second
DM is used to correct the aberrations introduced by the eye. However, this approach does
not take into account that during scanning the system aberrations are not constant.
In this thesis an alternative approach in order to minimize system aberrations and to
improve AO-performance was investigated. Relying entirely on lenses for imaging, these
aberrations can be kept low. A simulation with Zemax optical design software (Radiant
Zemax, Redmond, WA, USA), which compares diﬀerent mirror conﬁgurations and a
lens-based conﬁguration, can be found in the ﬁrst paper of this thesis (cf. Sec.2.2). It
shows that the point spread function (PSF) is much smaller in case of a lens based system
and that this advantage is preserved during scanning.
A drawback of lenses is that back reﬂections from their surfaces may distort the wavefront
measurement which prevented high resolution imaging with earlier lens based AO-systems.
To overcome this problem polarization optics was used as explained in the following paper
(cf. Sec.2.2).
A critical point in the performance of an AO system is the careful alignment of all parts.
Only a perfect system assembly ensures a correct wavefront measurement which results
in a good wavefront correction. Therefore, the wavefront sensor itself was used for the
alignment procedure. The sensor provides a very precise monitoring of the wavefront,
which was checked after each part (lenses ect.) was inserted into the system. After very
time consuming iterations (component alignment and wavefront measurement) and several
evaluations of the alignment process virtually perfect alignment could be obtained. The
software, which controls the instrument and the data evaluation was mainly done in
©Labview (National Instruments). Data processing included straightening of the images,
a two-stage motion correction and averaging. This results in a superior image quality and
true diﬀraction limited performance for small scanning angles (1-2 degree). With this
system it was possible to image the smallest foveal cones and even rods. Furthermore
the instrument has the capability to provide larger ﬁeld of view images (up to 5 degree
scanning angle). Nevertheless, the image quality was slightly reduced in those large ﬁeld
of view (FOV) images. Details on the system and the imaging results can be found in the
ﬁrst paper of this thesis in the following section.

2.2 Original of the ﬁrst paper
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1. Introduction
Adaptive optics scanning laser ophthalmoscopy (AO-SLO) is a technology which provides
high resolution (diffraction limited) images of the human retina [1–3]. AO-SLO is capable to
resolve individual cells (e.g. cone photoreceptors, leukocytes) within the human retina in vivo
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[1,4–7] and a variety of different diseases have been investigated [8–14]. In some diseases
even retinal pigment epithelium (RPE) cells could be visualized [15]. Recent overviews of
this technique can be found in Refs. [2,16,17]. It should be noted, however, that individual
cells (e.g. photoreceptors at a certain eccentricity from the fovea) can be resolved even
without the use of adaptive optics [18]. This can be achieved because the light backscattered
from the photoreceptors is directional [19] and the spacing between photoreceptors increases
with eccentricity from the fovea [20]. Additionally, the aberrations within these systems are
kept low and the influence of aberrations introduced by the optics of the eye is reduced using
either trial lenses or small (2-4mm) imaging beam diameter [19,21,22]. Nevertheless, in order
to resolve foveal cones or rod photoreceptors the use of AO is required.
AO corrects aberrations that are introduced to the imaging beam by imperfections of the
eye optics. In the most commonly used configuration of AO, the wavefront exiting the eye is
measured by a Shack-Hartman wavefront sensor (SHWS) and is corrected using one or more
correcting devices (e.g. deformable mirrors) that are placed in the imaging path. Hereby, it is
essential that the pupil plane of the eye is imaged onto the correcting device and the SHWS,
which is normally achieved by using telescopes based on spherical mirrors. (This
configuration is also commonly used in AO optical coherence tomography (AO-OCT) [23–
27].)
However, it has been shown that aberrations introduced by the imaging system itself may
degrade resolution and therefore prevent true diffraction limited imaging [28]. By arranging
the spherical mirrors in a very special way, these aberrations can be minimized [29,30]
leading to outstanding images of foveal cones [31] as well as of rods [32].
Although several parameters are used to characterize the resolution of an AO-SLO system
(e.g. theoretical resolution, residual wavefront error) the achieved resolution on the retina is
rather difficult to determine. Even though the measured residual wavefront error indicates a
diffraction limited performance, the resolution might be lower because the wavefront sensor
will not sense all aberrations (e.g. in the case of scanning). The size of rods and foveal cones
is just above diffraction limit. Therefore, probably the ability of a system to resolve these
structures can be regarded as an indicator for diffraction limited performance.
In this paper we present an alternative approach for AO-SLO. Instead of using spherical
mirrors the imaging optics of the system is based on lenses. The aberrations introduced by
such a system should be very low. Additionally, a lens based system can in principle be built
very compact. First we compare the performance using Zemax simulation of afocal telescopes
(AT) based on spherical mirrors with AT based on lenses. Then we demonstrate the
performance of the system by imaging the cone mosaic of healthy volunteers in the fovea
region. In addition we investigate the imaging performance of the new system in the case of
larger area scans (up to 5 degrees) on the retina. Finally, we present images of the rod mosaic
recorded with the new instrument.
2. Lens based adaptive optics
In an operational adaptive optics system, the wavefront at the pupil plane of the eye has to be
precisely imaged onto a wavefront sensor (SHS), a correcting device (e.g. deformable mirror)
and, in the case of a scanning instrument (e.g. SLO or OCT), onto the scanners. Most AO
scanning instruments use spherical mirrors for this purpose, mainly to avoid backreflections
from lens surfaces which would disturb the wavefront measurement. In order to investigate
the differing performance between lens-based telescopes and reflective telescopes we
simulated the optical paths using the optical design program ZEMAX (Optima Research, UK)
at a design wavelength of 840nm. Let us first assume a simple afocal telescope consisting of
two spherical mirrors that are separated by the sum of their focal lengths. The radius of
curvature for both mirrors shall be 400mm and the incidence angle (in respect to the optical
axis) onto the mirrors shall be 5 degrees (in a planar configuration). The main aberration
introduced by this configuration will be astigmatism. Using an entrance pupil of 7mm and a
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scanning angle of ± 1 degrees we obtain the corresponding spot diagrams in the imaging
plane of the telescope as shown in Fig. 1(a). The black circles indicate the Airy disc and
diffraction limited performance. Although the scanning angle is rather small, some of the
spots lie outside the Airy disc indicating close to diffraction limited performance. The
situation can be improved, as demonstrated previously [29–31], by using a non-planar folding
of the telescopes (c.f. Figure 1(b)). However, similar improvement can be obtained if lenses
are used instead of spherical mirrors. Figure 1(c) shows spot diagrams in the imaging plane of
a lens based telescope consisting of two achromatic lenses with a focal length of 200mm and
a diameter of 25mm. (The lenses have been aligned in order to fulfill the condition of a
separation between the lenses of 2f). Comparable performance as the folded configuration
using spherical mirrors can be observed. The mean RMS of the wavefront of all scanning
angles measured at the image plane of the three telescopes was calculated with 0.096μm,
0.023μm and 0.018μm (for the planar, non-planar and lens based configuration), respectively.
The folded and the lens based configuration yield a factor of 4-5 lower residual wavefront
RMS compared to the normal plane configuration.

Fig. 1. Spot diagrams obtained at the image plane of an afocal telescope. (a) Spherical mirrors
in planar configuration, (b) spherical mirrors in folded configuration, (c) lens-based telescope.

3. Experimental setup
A scheme of the experimental setup is shown in Fig. 2. The light from a superluminescent
diode (Superlum, Russia) with a center wavelength of 840nm and a bandwidth of 50nm is
collimated (beam diameter of 4.0 mm) and traverses a Glan-Thompson polarizer and a
polarizing beam-splitter. (The polarizer is needed because the polarizing beam-splitter
provides only an extinction ratio between the two linear polarization states of 1:100, the
polarizer provides an extinction ratio of 1:100000). The linear polarized light traverses the
first telescope (two achromatic lenses, L1 and L2 in Fig. 2, each with 200mm focal length)
and is reflected at the resonant scanner (Cambridge Technologies, Lexington, MA, USA,
8kHz resonant frequency). The second telescope (L3 and L4, again two achromatic lenses
with 200mm focal length) images the pivot point onto the galvanometer scanner (Cambridge
Technologies, Lexington, MA, USA). The third telescope (L5 an L6, 75mm and 250mm focal
lengths, respectively) increases the beam diameter and images the pivot point of both
scanners onto the deformable mirror (Mirao 52, Imagine Eyes, Orsay, France). The forth
telescope (L7 and L8) decreases the beam diameter down to ~8 mm and images the pivot
point and the DM plane onto the pupil plane of the eye. Before entering the eye, the light
beam traverses a pellicle (where the fixation light is coupled into the instrument) and a
quarter wave plate (QWP, oriented at 45° to the input linear polarization plane). Therefore the
eye is illuminated with circular polarized light. The power at the cornea of the eye is kept
below 700μW which is much lower than the permissible exposure limits given in the
European Laser Safety Standards for a scanning beam (1°x1° scanning angle). The light is
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Fig. 2. Scheme of the experimental setup. LS light source, FPC fiber polarization controller,
Col collimator, Pol polarizer, PBS polarizing beam splitter, L1-L4 lenses with 200mm focal
length, L5 lens (f = 75mm), L6 (f = 250mm), L7 (f = 300mm), L8 (f = 180mm), RS resonant
scanner, GS galvanometer scanner, DM deformable mirror, Pel Pellicle, QWP quarter wave
plate, SHS Shack Hartmann wavefront sensor, APD avalanche photodiode, FT fixation target,
I variable aperture stop.

attenuated when passing through the system (starting from the polarizer to the exit of the
system) by a factor of ~2 (50% transmission).
The light is backscattered from the retina and traverses the QWP a second time. The
circular polarization state (neglecting birefringence of the anterior segment and retina) will be
transformed into a linear polarization state that is perpendicular to the incident polarization
state. Therefore the light will be reflected at the polarizing beam splitter. The wavefront
exiting the pupil plane of the eye will be imaged via all four telescopes onto the DM, the
scanners and the SHWS (Haso 32, Imagine Eyes, Orsay, France). Polarization optics is used
to minimize influential light on the SHWS caused by backreflections at the lens surfaces.
Although all lenses are coated with an antireflection coating specified for the used
wavelength region (reflectivity of ~0.4%), residual light intensity arising from backreflections
is remaining which would influence the measurement of the SHWS. However, the
backreflected light remains in the input polarization state which is not directed to the SHWS
(the light is transmitted at the PBS). Additionally a variable aperture stop (500μm to 4mm) is
inserted in the focal plane within the first telescope. This plane is conjugated to the retinal
plane which allows only light that is backscattered from the retina to pass through. Light
backreflected from the lens surfaces and from the cornea is greatly attenuated by the aperture
stop. Note that light backreflected from the cornea (after passing twice through the QWP) will
be in a polarization state perpendicular to the input polarization state and will therefore be
guided to the SHWS. After reflection within the polarizing beam splitter the beam traverses a
polarizer (oriented 90° in respect to the first polarizer to eliminate all components with
incident polarization state) and is split by a pellicle into two components. A fraction of the
light is reflected and directed onto the SHWS while the rest is coupled into a single mode
fiber and is detected with an avalanche photo diode (APD module c10508, Hamamatsu,
Japan). The signal is recorded with a data acquisition board at 50M samples per second. In
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this study the system is operated at a frame rate of 10Hz in order to achieve sufficient
sampling in y-direction (at least for the small field of views). The images presented were
recorded either with 3155 (x) x 1582 (y), 3155 (x) x 791 (y) or 3155 (x) x 395 (y) pixels. The
system sensitivity was measured from the signal to noise ratio obtained from a mirror (the
beam was attenuated by inserting neutral density filters) with 60dB.
4. In vivo imaging and post processing
In order to evaluate the performance of the system we imaged 5 healthy volunteers. Prior to
imaging informed consent from each subject was obtained after the nature and possible risks
of the measurement have been explained. The study was performed under a protocol that was
approved by the local ethics committee of the Medical University of Vienna and which
adhered to the tenets of the Declaration of Helsinki. All subjects underwent a routine clinical
eye examination including eye length measurements using a commercial instrument (IOL
master, Zeiss Meditec) that is based on partial coherence interferometry [33]. Additionally
autorefractometry was performed. Table 1 summarizes the characteristics of the individual
volunteers. The mean age of the subjects was 29.6 years. The subject interface of the
instrument was a normal head rest (no bite bar). The pupils were artificially dilated; however
no drugs were administered to prevent accommodation. The measurements presented from
volunteer 5 (contact lens wearer), however, were taken without artificial pupil dilation
because after dilation the volunteer suffered from dry eyes which probably caused inferior
image quality. Therefore we decided to repeat the measurement at another day without
dilation. For this measurement the light in the measurement room was turned off leading to a
naturally enlarged pupil diameter during measurement (at 840nm the subjective perception of
the light intensity is very low). Individual eye optics corrections (glasses or contact lenses)
were not removed for the measurement. Only right eyes were measured in this study although
the instrument can be used for both eyes.
Table 1. Characteristics of Measured Volunteers. LR Distance Lens Surface to the Retina
(Eye Length Minus Anterior Segment Depth), PD Pupil Diameter During Measurement
(Measured with SHWS)
Volunteer

1

2

3

Sex
Age
Spherical /Dpt.
Cylindrical /Dpt.
LR / mm

Male
27

Male
38

Male
30

Female
27

4

Female
26

5

2.5
0.75
21.07

0.25
0
18.96

0.25
0.25
19.15

2.0
0
19.79

3.5
0.75
20.31

A total of 3 seconds were recorded during one measurement. In post-processing the data
was first corrected for the sinusoidal motion of the resonant scanner. In a next step, frames
that showed severe eye motion (micro-saccades) were removed from the data set. Then all
frames were motion corrected using custom software that is based on a cross correlation
algorithm. However, due to in-frame distortions a residual motion correction error remains.
To eliminate this residual error (similar to a previously published algorithm [34]) we used
custom developed software that splits one frame into several subframes (each containing 100
to 160 horizontal lines) and repeats the correlation for these subframes. Only the central 20 to
40 horizontal lines of the subframe are then used for the corrected image. The next subframe
was then shifted 20 to 40 pixels in y-direction and the procedure was repeated until the whole
image is retrieved. After this step all frames were averaged to increase the signal to noise
ratio. The eye length of each subject was used to convert scanning angles into distances on
the retina.
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5. Results
5.1. Small field of view imaging
Figure 3 (Media 1) shows an example of a data set (spanning a field of view of ~1degree)
recorded from volunteer 1. Individual cone photoreceptors can be clearly resolved throughout
the image. The estimated location of the foveola is marked with an arrow. The averaged
frames are displayed in a linear and logarithmic scale (in order to account for the high
dynamic range of the image [31]) in Fig. 4.Within the central part of the foveola very small
cone spacing can be observed in comparison with the surrounding area. However, the regular
arrangement is still preserved at this location indicating the ability of the system to resolve

Fig. 3. First frame of a video (Media 1) showing AO-SLO images of the fovea recorded from
volunteer 1 (scanning angle ~1°x1°, most likely central point, the foveola, is indicated by an
arrow).

Fig. 4. AO-SLO images recorded from volunteer 1. (a) Average of all frames of Fig. 3 showing
the fovea (rectangles mark the region of interest evaluated in Fig. 5), (b) Averaged frame on a
logarithmic scale .

86'
(C) 2012 OSA

5HFHLYHG0DUUHYLVHG-XQDFFHSWHG-XQSXEOLVKHG-XO
30 July 2012 / Vol. 20, No. 16 / OPTICS EXPRESS 17303

29

2 Adaptive Optics Scanning Laser Ophthalmoscopy
foveal cones. In order to quantify the cone spacing we performed FFTs within windows of
50x50μm2 (region of interest ROI) along a diagonal starting from the lower left corner to the
upper right corner in Fig. 4 (c.f. white rectangles in Fig. 4(a)) and along a diagonal starting
from the upper left corner to the lower right corner. The result is shown in Figs. 5(a) (Media
2) and 5(b) (Media 3), respectively. Within the FFTs a dominating frequency corresponding
to the cone row to row spacing can be observed. Close to the fovea instead of Yellot’s rings
hexagonal patterns can be observed. At some locations the cone arrangement is extremely
regular, therefore in the FFT only the corners of the hexagon can be observed [25]. However,
within the central 50μm the corners of the hexagon are visible but less clear. Nevertheless we
measured the radius of the hexagon in the central part (foveola) to obtain the row to row
spacing of the cones. This distance can be converted into cone to cone spacing and finally
into cone density [25,35]. It should be noted that with this measurement we can only provide
a rough estimate of the peak cone density, because with this method we can only measure the
averaged cone density within the evaluation window. Since the cone spacing exponentially
increases with distance from the foveola [20] we will always slightly underestimate the peak
cone density.
With this method we estimated for volunteer 1 a peak cone density of ~210500
cones/mm2. Figure 6 shows images of the fovea recorded from volunteers 2-5. The images
recorded from volunteer 2 and 3 are of similar quality than the images recorded from
volunteer 1 and foveal cones can be resolved. However, as can be seen in the lower left image
foveal cones of volunteer 4 appear less clear. Volunteer 5 was imaged without dilation,
therefore the resolution was limited and foveal cones could only be resolved down to an
eccentricity of ~0.25°. Nevertheless we estimated the peak cone densities of all volunteers in
order to determine the order of magnitude of the cone densities. The estimated peak cone
densities of volunteer 2, 3, 4 and 5 were 180500, 124500, 122700 and 154000 cones/mm2,
respectively. These values are within the range of data measured with histology [20] and AOSLO [36]. For a more accurate determination of the peak cone densities individual cones have
to be detected and counted [36].

Fig. 5. First frames of movies showing FFT’s of 50x50μm patches of the retinal cone mosaic.
(a) Computed areas indicated by rectangles in Fig. 4(a) (Media 2). (b) Computed areas of a
diagonal starting from the upper left corner to the lower right corner of Fig. 4(a) (Media 3).

86'
(C) 2012 OSA

5HFHLYHG0DUUHYLVHG-XQDFFHSWHG-XQSXEOLVKHG-XO
30 July 2012 / Vol. 20, No. 16 / OPTICS EXPRESS 17304

30

2 Adaptive Optics Scanning Laser Ophthalmoscopy

Fig. 6. AO-SLO images on a logarithmic scale of the fovea recorded from 4 different
volunteers. (Upper left: volunteer 2, upper right: volunteer 3, lower left: volunteer 4, lower
right: volunteer 5)

5.2. Large field of view imaging
In order to test the performance of the system for larger scanning angles we recorded several
data sets of volunteer 1 with increasing scanning angles. Figure 7 shows the foveal cone
mosaic recorded with a 2x2 degree field of view. Although the illumination of the patch is not
homogeneous the resolution is comparable with the 1x1 degree field of view. Figures 8, 9 and
10 show the cone mosaic of the same volunteer recorded with a 3x3, 4x4 and 5x5 degree field
of view, respectively. Even with the largest field of view (5x5 degrees) individual cone
photoreceptors can be resolved. However, at the corners of the image the image quality is
degraded and foveal cones cannot be resolved with this large scanning angle. There are
basically two reasons for that. First the isoplanatic angle of the eye can be in the order
between 3 to 4 degrees [37] and the SHWS will therefore sense a mean wavefront distortion
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Fig. 7. AO-SLO images of the fovea recorded with 2 degree scanning angle.

Fig. 8. AO-SLO images of the fovea recorded with 3 degree scanning angle.

(averaged over the entire field of view) which degrades AO-correction performance. Second
the sampling density in y direction is not sufficient (~1μm pixel to pixel distance) to resolve
such small distances (foveal cone spacing is ~2μm). In order to give a better impression of the
image quality change associated with the recorded FOV, Fig. 11 shows a comparison of a
ROI (50μmx50μm) at an eccentricity of ~0.5° nasal and inferior to the fovea for the different
scanning angles. The image quality between 1°x1° and 3°x3° FOV is comparable; however,
starting with the 4°x4° the image quality is degraded in comparison to the smaller FOV.
Figure 12 shows a comparison of the image quality in 4 ROI (indicated by rectangles in
Fig. 10) in the periphery of the 5°x5° FOV image with the same ROI each recorded with
1°x1° FOV. Clearly, the image contrast of the images recorded with the smaller FOV is
higher. Although essentially the same structures can be observed in both images, the
separation between individual cones in the images recorded with large FOV is less clear
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mainly because of residual aberrations (introduced by eye and the instrument) that cannot be
corrected for these large scanning angles and because of the lower sampling density.

Fig. 9. AO-SLO images of the fovea recorded with 4 degree scanning angle.

Fig. 10. AO-SLO images of the fovea recorded with 5 degree scanning angle

Fig. 11. Comparison of the image quality of a 50μmx50μm region of interest retrieved from
data sets with different field of views at ~0.5° eccentricity from the fovea. (a) ROI from 1°x1°
FOV, (b) ROI from 2°x2° FOV, (c) ROI from 3°x3° FOV, (d) ROI from 4°x4° FOV, (e) ROI
from 5°x5° FOV.
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Fig. 12. Comparison of the image quality between 5 degree scanning angle and 1 degree
scanning angle. Top row: 5°x5° FOV, bottom row: 1°x1° FOV. (The number indicates the
region of interest shown in Fig. 10).

5.3. Rod imaging
In order to test the ability of the system to image rod photoreceptors we recorded images from
volunteer 3 at an eccentricity of ~7° temporal from the fovea. The result is shown on a linear
as well as on a logarithmic scale in Fig. 13. In addition to the cone photoreceptors (c.f. large
bright spots in Fig. 13) rod photoreceptors can be resolved (c.f. small regular spots in between
the cones).

Fig. 13. Images of rod photoreceptors recorded from volunteer 3 with the new instrument at an
eccentricity of ~7° temporal to the fovea. Left: linear scale, right: logarithmic scale. (Scale bar:
50μm).

6. Discussion and conclusion
We presented an alternative approach for AO-SLO using lenses instead of spherical mirrors.
Our simulations and the obtained image quality showed, that the performance of an AT based
on lenses is comparable to the folded telescope configuration using spherical mirrors. A lens
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based system could in principle be built very compact. This feature might be of specific
interest for commercialization of AO-SLO technology. It should be noted that for our
configuration off the shelf achromatic lenses have been used. The performance of a lens
based system might be further improved using well designed lenses. On the other hand, one
drawback of lens based systems is the sensitivity to chromatic aberrations. However, we think
that for the used bandwidth of 50nm the influence of chromatic aberration on the system
aberrations can be neglected.
Our system is capable to image foveal cones in 3 out of 5 healthy volunteers. Using FFT’s
on the central 50μmx50μm we estimated peak cone densities ranging from 122700 to 210500
cones /mm2 which are in the range of the values from histology and from comparable
instruments [32]. As expected from the ZEMAX simulations the image quality of the lens
based system is comparable with images retrieved from an instrument using folded reflective
telescopes [28,38]. However, a comparison of system performance with other instruments
deserves some care. First it should be noted that the DM in our setup consists of only 52
elements which is about half of the elements reported in [28] and ~1/3 of the elements used in
[38]. With our system residual high order aberrations can therefore not be corrected which in
the case of volunteers 1-3 did not matter. Second our system utilizes a light source with a
central wavelength of 840nm. Therefore the theoretical resolution is slightly degraded in
comparison to systems with operating wavelengths around 800nm or 680nm. In this study we
did not remove glasses or contact lenses. In fact we found that the AO-performance is slightly
better when low order aberrations are corrected using glasses or contact lenses.
Of specific clinical interest are larger scanning angles with AO-SLO (without the need of
image stitching). In standard AO-SLO systems (non-folded configuration) the maximum
scanning angle is limited by two factors. First the aberrations introduced by the system itself
and second, the isoplanatic angle of the individual subject. A lens based system overcomes
the first limitation and we could demonstrate that larger scanning angles (up to ~4°) with
reasonable image quality can be achieved in healthy volunteers. Similar scanning angles
could in principle be achieved using the folded reflective telescope configuration, however
comparable investigations have, to the best of our knowledge, not yet been demonstrated.
Although at large scanning angles the resolution is slightly degraded it remains sufficient to
resolve individual cones down to an eccentricity of ~1° from the fovea (c.f. Figure 9).
However, at the corners of the FOV image degradation at larger scanning angles is quite
pronounced. We think that the main reason is a focal shift within the images depending on the
scanning angle which is introduced by the optics of the eye [38] and by the imaging system.
Although further investigations are necessary, this aberration might be compensated by
introducing a scanning angle dependent defocus to the instrument or using dual conjugate
adaptive optics [39].
Figure 13 shows the rod mosaic recorded from volunteer 3 demonstrating the excellent
imaging capabilities of the lens based system that are very similar to systems using folded
reflective telescopes. Compared to previously reported rod images the field of view of our
images is slightly increased which might be beneficial for investigations of the rod mosaic of
larger areas.
In conclusion we introduced a new lens based AO-SLO instrument that is capable to
resolve foveal cones in 3 out of 5 volunteers and supports larger scanning angles. From the
measurements we estimated the peak cone density of 5 healthy volunteers. We further
investigated the performance of the system when using larger scanning angles and compared
the image quality between data recorded with small and large FOV. Finally we demonstrated
the capability of the system to resolve individual rod photoreceptors.
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3.1 Interlude
In the previous paper the performance and capabilities of the AO-SLO system have been
demonstrated. The instrument provides diﬀraction limited images of the human retina
with a lateral resolution of appr. 2.5 μm, thus revealing foveal cones and rods in 2D.
However, AO-SLO has limited axial resolution (∼ 30 μm) and cannot resolve all individual
layers of the retina (cf. Fig. 1.4).
As outlined in the introduction, OCT has the capability to provide images with high
axial resolution (∼ 5 μm for standard OCT) because transverse and axial resolution
are decoupled. Consequently the next step of this thesis was to extend the AO-SLO
instrument to an AO-OCT system. OCT is an interferometric technique and requires
the superposition of light from diﬀerent interferometer arms (referred to as sample and
reference arm, respectively). The previously built AO-SLO was implemented as the sample
arm of the following OCT system.
Nowadays commercially available OCT systems are based on FD-OCT due to its superior
sensitivity in comparison to TD-OCT [33]. However, the instrument built in the framework
of this thesis is based on a variation of TD-OCT, the so called transversal scanning OCT
(TS-OCT) ([71] and chapter 16 of the book [28]). The reasons for that are:
• In FD-OCT a complete A-scan (the whole depth proﬁle) is measured simultaneously,
which results in the improved sensitivity of this method. However, implementation of
AO yields an improved lateral resolution which results in a decrease of depth of focus
(DOF). As mentioned above, the DOF of the AO-SLO instrument is ∼ 30 μm. The
thickness of the retina (in the healthy eye) is more than 10 times thicker. Therefore
only a small part of the recorded A-scan will be in focus. In order to obtain a
volume scan of the retina with high resolution, several volumes have to be recorded
with diﬀerent focus positions. These volumes have to be stitched together which can
be challenging because of the varying focus position. The whole procedure is time
consuming and has up to now not been implemented into AO-OCT post-processing.
TS-OCT, on the other hand, might provide an alternative approach for high transverse resolution with OCT. In this technique an en-face image plane is recorded very
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fast while the depth of the plane (i.e. coherence plane) is shifted rather slowly with
time in order to record an entire volume. This provides the option to shift the focal
plane simultaneously with the coherence plane to obtain an entirely sharp volume
scan of the retina.
• Image artifacts caused by eye motion are a severe problem for all imaging systems
that provide high transversal resolution. While these artifacts can be greatly reduced
with increasing scanning speed, as is done in AO-SLO, the en-face imaging speed
of FD-OCT is limited. En-face images are extracted from a volume scan which
normally takes several seconds to record. Therefore image artifacts are most likely
to occur which will degrade the visibility of small structures (e.g. foveal cones or
rods). Recently some groups focused on developing special imaging registration
algorithm [72, 66] to address this problem, however, the en-face image quality is still
not comparable to AO-SLO.
In case of TS-OCT the scanning protocol is identical to AO-SLO. C-scans (en-face
images) can be therefore recorded rather quickly which results in a large reduction of
transverse motion artifacts. Because of the identical scanning protocol SLO images
can be recorded simultaneously [73]. These images can then be used in order to
correct the TS-OCT images for transverse motion in a similar way as is done in
AO-SLO.
• One drawback of TS-OCT is the sensitivity to axial eye motion artifacts. These
greatly limit the applicability of the technique. In order to overcome this limitation,
a high speed axial eye tracker was implemented into the system. The tracker is
based on a separate low coherence interferometer (LCI) which operates at a diﬀerent
wavelength and is used to detect the axial position of the corneal apex [74]. In
addition the axial eye tracker requires a very fast change of the reference arm length
which was achieved by implementing a rapid scanning optical delay line, a technique
drawn from the TD-OCT era [75].
The following paper describes the experimental realization of an AO-SLO/TS-OCT
system that incorporates an axial eye tracker. First images in healthy volunteers are very
promising and represent the ﬁrst visualization of foveal cones and rods with OCT.

3.2 Original of the second paper
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1. Introduction
Imaging the human retina with high resolution using optical techniques is challenging
because the imaging beam has to traverse several parts of the eye. Imperfections of these
optical parts of the eye induce monochromatic aberrations to the imaging beam which finally
degrade resolution. In order to achieve a transverse resolution that is close to the diffraction
limit, these aberrations have to be compensated for. This can be done using adaptive optics
(AO), a technique known from astronomy. AO can be combined with a variety of different
imaging techniques such as fundus photography [1, 2], scanning laser ophthalmoscopy (SLO)
[3–6], or optical coherence tomography (OCT) [7–9]. A variety of different review papers
describing different aspects and applications of the technique have been published [10–15].
One specific challenge in AO-assisted imaging, however, is resolving very small structures in
the retina such as cones within the fovea (where their packing density is highest) or rods.
Recent improvements in AO-SLO performance using a non planar folding of the imaging
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telescopes significantly reduced monochromatic aberrations (introduced by using spherical
mirrors for imaging) within an AO-SLO system and enabled for the first time a clear
visualization of these small structures [16, 17]. Very recently, our group demonstrated similar
results using a slightly different concept by relying entirely on lenses for imaging [18].
Although high transverse resolution has been demonstrated using AO-SLO, the axial
resolution of these instruments, which depends on the numerical aperture provided by the
optics of the eye itself, remains limited in comparison with OCT. OCT decouples transverse
resolution from axial resolution (which depends in this case on the bandwidth of the imaging
light source) and therefore provides unprecedented axial resolution in retinal images [19–22].
In order to provide isotropic resolution several groups have implemented AO into OCT
systems [9, 23–27]. However, small structures such as foveal cones or rods have up to now, to
the best of our knowledge not been resolved using this technology.
Because of the sensitivity advantage provided by Fourier-domain optical coherence
tomography (FD-OCT) [28, 29] in comparison with time domain OCT, this technology has
been mainly used in combination with AO. The sensitivity advantage results from the
simultaneous recording of the entire imaging depth. However, this can also be a drawback in
the case of high transverse resolution imaging because this implies a rather limited depth of
focus (DOF). Therefore only a small portion of the imaged volume will be in focus and
imaged sharply. To overcome this limitation either several volumes with different axial focal
positions have to be recorded (which is rather time consuming) or special beams with nonGaussian intensity distributions (e.g. by using an axicon lens [30]) have to be used. Both
concepts have so far not been implemented in instruments that can be used for retinal
imaging. Using higher image magnification results in an increased sensitivity to transverse
eye motion artifacts. Depending on the imaging speed these artifacts will be quite pronounced
in images of the retina thus heavily distorting regular structures such as the cone mosaic.
While the imaging speed of AO-SLO can be sufficient in order to compensate for this motion
in post-processing [31], using FD-OCT an entire volume has to be recorded to obtain en-face
images which is rather slow. Recently, it has been demonstrated that by reducing the field of
view and with pronounced landmarks (cones) of the underlying structure these artifacts can
be significantly reduced enabling the visualization of the cone mosaic with this technique [32,
33]. However, transversal scanning (TS) (or en-face) OCT (TS-OCT) [34] might be an
alternative approach for high lateral resolution imaging in combination with AO [24, 35]. The
scanning protocol of TS-OCT is similar to SLO and therefore provides high transverse
imaging speed. In addition TS-OCT offers the possibility of dynamic focusing, i.e. shifting
the coherence gate in z-direction simultaneously with the focal plane [36]. This option
alleviates the problem of the limited DOF for volume imaging and provides isotropic
resolution throughout the entire volume [37]. TS-OCT is less sensitive than FD-OCT which
can partly be compensated for by using higher numerical apertures and dynamic focusing. A
more significant limitation of TS-OCT is the sensitivity to axial eye motion artifacts which
greatly reduces the applicability of the technique. However, the implementation of an active
axial eye tracking system can overcome this problem [37–39].
In this paper we present a new AO-TS-OCT instrument with active axial eye tracking.
The system is based on our previously published AO-SLO system which is capable of
resolving foveal cones and rods at an eccentricity from the fovea [18]. The new instrument
records TS-OCT and SLO images simultaneously and the information provided by the SLO is
used for transverse motion correction in post-processing. The active axial eye tracking
accounts for axial eye motion. Therefore volumes with high lateral and axial resolution
showing only minor residual motion artifacts can be acquired. The instrument was used to
image the foveal region (where only cones are present) and a peripheral region (~8 degrees
temporal to the fovea) in the retina of healthy volunteers.
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2. Methods
The system is based on a Mach-Zehnder interferometer and consists of three subsystems: The
TS-OCT sample arm which is based on our AO-SLO system, the TS-OCT reference arm and
the axial eye tracking. The interferometer is illuminated with a superluminescence diode
(SLD) operating at 840 nm with a full width at half maximum (FWHM) bandwidth of 50 nm
which provides a theoretical axial resolution of ~4.5 μm in tissue for TS-OCT imaging. The
output power of the SLD emitted from a single mode fiber was measured to be 25.9 mW. The
light from the SLD is split at the entrance of the interferometer via a 90:10 fiber coupler and
is launched into the two subcomponents (sample arm and reference arm) of the system. .Each
subsystem is described separately in the following sections.
2.1 AO-SLO/OCT sample arm
The AO-TS-OCT sample arm is similar to the AO-SLO system which has been published
previously [18]. However, some modifications have been applied in order to enable TS-OCT
imaging. In the following we briefly describe the key parameter of the subsystem. A scheme
of the sample arm is shown in Fig. 1. Imaging is based on lenses instead of spherical mirrors
and polarization optics are used in order to suppress unwanted back reflections from the
telescope lenses that would otherwise influence the wavefront measurement.. Scanning is
performed using a Galvo scanner (GS) and a resonant scanner (RS). The RS is operated at ~8
kHz which yields a line rate of 16 kHz (both scanning directions are used for imaging). The
AO part incorporates a deformable mirror (DM, Imagine Eyes, mirao 52-e) and a Shack
Hartmann wave front sensor (SHS, Imagine Eyes, Haso 32). The AO loop is controlled via
commercially available software provided by the manufacturer of the deformable mirror and
SHS (Caso, Imagine Eyes). The main difference to our previously published AO-SLO setup
is the implementation of an additional detection channel. The detection unit now consists of 3
parts: The SHS, the SLO detection channel, and the OCT detection channel. Thereby 20% of
the light returning from the sample is used for wave front sensing, while the rest is split
between the SLO (20%) and the OCT (60%) channel, respectively. Additionally, glass rods
for dispersion compensation had to be inserted into the system (c.f. Fig. 1).
In order to provide a pixel to pixel correspondence between SLO and OCT channel, the
light in both channels is coupled into individual single mode fibers and both fiber collimators
are aligned (change of tip and tilt and lateral displacement) in SLO mode until identical
images from both channels are obtained. During system operation, the light in the SLO
channel is detected with an avalanche photo diode module (APD) while the light in the OCT
channel is delivered to a fiber coupler at the exit of the interferometer.
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Fig. 1. Scheme of the sample arm of the AO-SLO/OCT system. SLD super luminescent diode,
FOC fiber optic coupler, FPC fiber polarization controller, Col collimator, Pol polarizer, Disp.
comp. dispersion compensation, PBS polarizing beam splitter, L1-L4 lenses with 200mm focal
length, L5 lens (f = 75mm), L6 lens (f = 250mm), L7 lens (f = 300mm), L8 lens (f = 180mm),
RS resonant scanner, GS galvanometer scanner, DM deformable mirror, Pel. Pellicle, QWP
quarter wave plate, SHS Shack Hartmann wavefront sensor, APD avalanche photodiode, FT
fixation target, I variable aperture stop, Dich. Mirr. dichroic mirror.

2.2 AO-SLO/OCT reference arm
A scheme of the AO-SLO/OCT reference arm and the OCT detection unit is shown in Fig. 2.
The fiber coupler at the entrance of the interferometer directs 90% of the light emitted from
the SLD into the reference arm. The reference arm is located on a separate optical table. Thus,
an 8 m long SM-fiber is used for delivering the beam from the interferometer entrance to the
reference arm. The light exiting the delivery fiber is collimated and traverses two GlanThompson polarizers. This ensures that the dispersion introduced by the polarizers which are
placed in the sample arm is matched. Then the beam traverses two acousto optic modulators
(AOM’s) in order to introduce a carrier frequency for the OCT signal [40]. The use of two
acousto optic modulators reduces the modulation frequency and supports a broad wavelength
range [41, 42]. The (optical) frequency shifts that are applied to the beam are set to −40 MHz
and + 43 MHz, respectively which results in a net frequency shift (in comparison to the
sample arm) and finally carrier frequency of the OCT signal of 3 MHz. In the case of path
length matching of both arms an interference signal with the same oscillation frequency will
occur. To compensate for dispersion introduced by the AOM’s two glass rods of equal length
and material are placed into the sample arm (c.f. to Disp. comp. in Fig. 1). The light is then
directed to an optical circulator consisting of a polarizing beam splitter (PBS) and a quarter
wave plate. Within the circulator the light traverses two glass rods of different length and
material twice in order to compensate for the dispersion mismatch introduced by the lenses in
the sample arm. Finally the light is inserted into a rapid scanning optical delay line (RSODL)
[43]. The RSODL is used for a fast adaption of the reference arm length in accordance with
changes in the axial position of the eye [37]. The RSODL consists of a grating, a lens and a
galvanometer scanner (Cambridge Technologies). The pivot point of the GS is adjusted to
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introduce only a group delay to the measurement beam [37, 43]. The beam exiting the
circulator is reflected by a mirror that is mounted on a voice coil translation stage which
enables independent depth scanning for the TS-OCT system. Finally, the beam is coupled into
a single mode fiber. The light from the sample arm is delivered from the sample arm optical
table through an 8 m long SM fiber (in order to match the dispersion of the long SM fiber
used to deliver the light from the interferometer entrance to the reference arm) and is brought
to interference with the light from the reference arm with a 50:50 fiber optic coupler. A
balanced detector is used to detect the light emerging from both exits of the fiber coupler and
the OCT signal as well as the SLO signal are recorded with a data acquisition card operating
at 20 M samples per second.
In order to achieve the theoretical axial resolution that is determined by the bandwidth of
the light source, the dispersion in the sample and the reference arm has to be matched exactly.
However, the RSODL itself can introduce strong additional dispersion [43] if the grating is
not located exactly at the focal plane of the lens. To separate this effect from dispersion
mismatch in the system we replaced the grating of the RSODL with a mirror for the
dispersion compensation procedure. In this procedure the length of the dispersive material
was changed in one arm by using a prism pair and the coherence function obtained from a
mirror was monitored. To account for dispersion which will be introduced by the eye during
the measurement, a water filled, 23 mm long tube was additionally placed into the sample
arm and the corresponding dispersion is compensated in the reference arm. Thus the
interferometer will be balanced for the case of in vivo measurements (without placing a water
filled tube into the reference arm). The prism pair was adjusted until a minimum of the
coherence length was found. After this dispersion matching procedure the grating was reinserted into the RSODL and the RSODL was adjusted in a way that no additional dispersion
is introduced. In addition we checked the spectrum of the light returning from the reference
arm (with a commercially available spectrometer) that was identical to the source spectrum.
From the bandwidth of the light source we calculated a theoretical axial resolution in air
of ~6 μm (assuming a Gaussian shape of the spectrum) which is in good agreement with the
measured 7.3μm in air. The OCT signal is centered at 3 MHz (carrier frequency) and we used
in the detection a bandwidth of 4 MHz to account for the frequency broadening due to the
transverse scanning [44]. This results, together with 60 μW power returning from the sample
arm (using a mirror as sample), in a theoretical sensitivity of the system of 74 dB. However,
only 70 dB was measured with this configuration. Measurements using an artificial eye
consisting of a lens (f = 30 mm) and a sheet of paper yielded a SNR within the image of ~50
dB for the OCT channel.
LS 840 nm
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Pol Pol

AOM2

Disp. comp.
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QWP PBS
DepthScanning

M

Tracking Computer
(Axial eye tracking)
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DAQComputer

Sample arm
(AO-SLO)

Fig. 2. Scheme of the AO-SLO/OCT reference arm. LS light source, Col collimator, Pol
polarizer, AOM accousto optic modulator, M mirror, PBS polarizing beam splitter, QWP
quarter wave plate, Disp. Comp. dispersion compensation, L1 lens (80 mm), GS galvanometer
scanner, FPC fiber polarization controller, FOC fiber optic coupler
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2.3 Axial eye tracking
The details of the axial eye tracking system are presented in [37] and a scheme of the setup is
shown in Fig. 3. The system is based on a Fourier domain (FD) low coherence interferometer
(LCI) operating at a center wavelength of 1300 nm. In order to combine the TS-OCT beam
with the tracking beam of the FD-LCI system a dichroic mirror is used. The tracking beam is
collimated which ensures that mainly light from the corneal apex is coupled back into the
single mode fiber. The axial position of the cornea is measured (with an accuracy that is
better than the coherence length of the light source [45]) and is used to change accordingly
the reference arm length of the TS-OCT system via the galvanometer scanner in the RSODL.
In order to operate the axial eye tracking at high speed which is necessary for reducing axial
eye motion artifacts, data evaluation and galvanometer scanner driving signal generation are
performed with a real time system (National Instruments, LABVIEW Real-time).
With the axial eye tracking system the axial position of the eye can be monitored with
high precision. This allows the alignment of the eye during measurement in order to place the
pupil plane of the eye in the focal plane of the last lens (c.f. L8 in Fig. 1) of the AO-TS-OCT
sample arm. Prior to the measurement the distance can simply be adjusted with the reference
arm length of the FD-LCI instrument. This alignment ensures that the pivot points of the
scanners are imaged onto the pupil plane of the eye.
Dich. Mirr.

LS 1310 nm

Eye

90:10
Spectrometer
Col
MR

Tracking
Computer
(Labview
RealTime)

Col
L1

RSODL
(OCT reference arm)

Fig. 3. Scheme of the axial eye tracking system. LS light source, Col Collimator, L1 lens,
Dich. Mirr. dichroic mirror.

3. Scanning protocol and post processing
In order to evaluate the performance of the instrument, measurements were taken from 3
healthy volunteers (mean age 34 years). Prior to imaging informed consent was obtained after
the nature and possible risks of the measurement had been explained. The evaluation was
performed under a protocol that was approved by the local ethics committee (Medical
University of Vienna) and which adhered to the tenets of the Declaration of Helsinki. The
power at the cornea of the eye for the 840nm imaging beam is kept well below 700 μW to
meet the requirements for safe illumination of the eye given in the laser safety standards [39].
A scan angle of 1x1 degree with a frame rate of 20 frames per second was used. Each
frame consists of 1152 (x) times 790 (y) pixels. Thereby both scanning directions (forward
and backward scan) of the 8 kHz resonant scanner were used to record the data. The scanning
depth (z) was set to 200 μm (optical) and a volume scan took 6 sec resulting in a total of 120
recorded frames. The signal in both channels (SLO and OCT) is sampled with a data
acquisition card operating at 20M samples per second. The adaptive optics correction is
performed in closed loop with a bandwidth of 10 Hz and is kept operating during the
measurements.
Imaging was performed with an artificially dilated pupil, unless the natural pupil size of
the volunteer in the dark measurement environment already exceeded 7 mm. The pupil
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diameter was measured with the SHS, However no drugs were used to prevent
accommodation. The head was positioned in a way to ensure that the pupil of the eye was
imaged centrally on the SHS. In a next step the axial position of the eye was adjusted in order
to fit into the center of the measurement range of the axial eye tracking system. The AO loop
and the active axial eye tracking were activated and the length of the reference arm was
adjusted by shifting the depth scanning mirror (M1 in Fig. 2) in order to account for the
individual eye length. The correct length was found when the junction between inner and
outer segments of photoreceptors (IS/OS) became visible in the en-face OCT image. When
starting a volume scan acquisition, the reference arm length was slightly increased
(corresponding to a location of ~50 μm deeper into the tissue) prior to the measurement.
During data recording the length was then continuously reduced up to a total length change of
200 μm corresponding to a shift of the coherence gate from posterior to anterior layers.
The OCT and SLO signals were recorded simultaneously and have a pixel to pixel
correspondence. The depth resolution of the SLO was on the order of 50 μm. Therefore with
SLO always the same image was recorded regardless of the imaging depth of the recorded
OCT en-face images which can be used for transverse eye motion correction. We followed a
similar approach as is used for AO-SLO imaging to correct for transverse motion [31] and
applied all post-processing steps for motion correction on both channels. These steps
incorporated correction for the sinusoidal scanning velocity of the RS, correction for
transverse motion using cross correlation on the entire image and finally, correction of inframe distortions by registering each image strip-wise to a manually chosen reference frame.
This procedure ensures that all OCT en-face images are transversally registered to each other
with an accuracy that is better than the extension of a single cone. For recalculating from
scanning angle into distances on the retina, we measured the eye length of the volunteer by a
partial coherence interferometer [46] using a commercially available instrument (Carl Zeiss
Meditec, IOLMaster).
4. Results
Figure 4 shows images recorded at the foveal region of a healthy volunteer with the new
instrument. In order to compare both imaging modalities, averaged SLO (120 frames) and
depth integrated OCT images (70 frames) are displayed in 4(a) and 4(b). The cone mosaic is
clearly visible throughout both images. However, cones appear less clear in the central 50μm
(indicated with a white square in the Fig. 4(a) and 4(b) and displayed enlarged in Fig. 4(c)
and 4(d)). Therefore we calculated FFT’s from this central region (c.f. Fig. 4(e) and 4(f))
where Yellott’s ring [47] can be clearly observed, indicating the regular arrangement of the
cones in this area and demonstrating the high lateral resolution of the instrument. In addition
we calculated a radial average of Fig. 4(e) in order to measure the row to row spacing
between the cones in the fovea. The result is shown in Fig. 5 and Yellott’s ring appears at the
location of 0.366 cycles/μm. This corresponds to a next neighbor spacing (assuming a
hexagonal packing of the cones and multiplication by 1/cos 30° as conversion factor) within
the fovea of ~3.11μm which is in good agreement with results obtained from histology [48].
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Fig. 4. Averaged en-face SLO image (a) and depth integrated and squared OCT image (b) of
the fovea of subject 1. (Both image channels are acquired simultaneously). The position of the
center of the fovea (peak cone density) lies within the white square. (c) and (d) show an
enlarged view of this central region (indicated with the white square in (a) and (b)). (e) and (f)
show Yellott’s ring after FFT’s of (c) and (d). The scale bar is 30μm.

Fig. 5. Radial average of Fig. 4(e) indicating the frequency of Yellott’s ring (marked with an
arrow).

Media 1 shows a fly through movie of the entire OCT volume scan. The depth resolution
provided by OCT allows for segmentation (based on different depth locations) of individual
layers of the retina. Figure 6 shows some segmented layers identified as the external limiting
membrane (ELM), the junction between inner and outer segments of photoreceptors (IS/OS),
the cone outer segments (OS), the end or posterior tips of photoreceptors (ETP), and the
retinal pigment epithelium (RPE). The cone mosaic can only be observed within the IS/OS
and the ETP layers.
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Fig. 6. Depth averaged en-face images of the center of the fovea (subject 1) retrieved from the
volume scan (Media 1) of the external limiting membrane (ELM, 26μm depth averaged) (a),
the junction between inner and outer segments of photoreceptors (IS/OS, 22μm depth
averaged) (b), the outer segments (OS, 17μm depth averaged) (c), the end tips of the cones
photoreceptors (ETP, 20μm depth averaged) (d), and retinal pigment epithelium (RPE, 15μm
depth averaged showing a regular structure) (e). (f) Enlarged section indicated by the white
square in (e). The borders of the regular structure are emphasized with the blue lines. The scale
bar in the images is 30 μm.
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Media 2 (Fig. 7) shows a fly through movie of B scans extracted from the recorded
volume. Although depth scanning was performed relatively slow (~6 sec.) the axial eye
tracking greatly reduced axial eye motion artifacts and individual cone photoreceptors can be
resolved throughout the images. Although the separation between the ETP layer and the RPE
is not very clear in these images distinct pairs of reflections within the ETP and IS/OS layer
can be observed. Figure 8 shows selected regions of interest of the 3D data set. The signal
from the ELM is in general rather weak. However, in some regions where a signal can be
observed the ELM reveals a similar structure as the IS/OS and ETP layer (c.f. Fig. 8(a)). At
some locations photoreceptors show an OCT signal throughout their outer segment (c.f. Fig.
8(b)). Figure 8(c)) shows a typical bright reflection spot within the outer segment.
Interestingly, one photoreceptor shows a pronounced displacement of the IS/OS signal to the
anterior layers together with a bright reflection spot in the outer segment (c.f. Fig. 8(d)).

Fig. 7. Center frame of a B-scan fly through movie (Media 2) of the recorded volume from the
fovea region of subject 1 (image size: ~0.8°x200μm).

Fig. 8. Selected regions of interest of the data set shown in Media 2 (subject 1). (a) cones
showing distinct signals from three layers: ELM, IS/OS and ETP, (b) cone showing a signal
throughout the outer segment, (c) Bright reflection spot (encircled) within the outer segment,
(d) cone with signal from the IS/OS junction anterior to the IS/OS junction of neighboring
cones.

In a next step we investigated the capability of the system to image rod photoreceptors.
For this purpose we chose a location of approximately 8 degrees temporal to the fovea for
imaging. Figure 9 shows the averaged SLO and depth integrated en-face OCT images,
respectively. The SLO image appears similar to previously published results using AO-SLO
[17, 18]. The larger and sparsely packed cones (bright spots) are surrounded by smaller and
densely packed rods (small and dimmer spots). Although the rod mosaic cannot be observed
throughout the entire image, at some locations individual rods can be identified. We measured
the nearest neighbor distances of 5 to 10 rods in these regions and found a mean distance of
~2.2 μm which corresponds well with the next neighbor distances observed in histology or
AO-SLO [17, 48]. Media 3 shows an en-face fly through of the whole scan volume.
In Fig. 9(b)-9(f) depth segmented images corresponding to individual layers of the retina
are shown. The first layer that was extracted was the external limiting membrane (Fig. 9(b)).
This layer provides only a very weak backscattering signal and in our images no regular
structure can be observed. Moving the imaging plane deeper into tissue, to the location of the
IS/OS junction, reveals a regular pattern (c.f. Fig. 9(c)). At this junction, both photoreceptor
types (rods and cones) are expected to contribute to the OCT signal. However, backscattering
from cones is much stronger than from the rods and the signal from the cones is therefore
dominating [17]. Interestingly, many cones show an irregular intensity distribution (e.g.
doughnut like or double spot). Images recorded with AO-SLO already showed a nonhomogenous backscattering signal from these large cones [17], however, all layers (RPE,
ETP rods, ETP cones and IS/OS junction) contribute to the AO-SLO signal, distorting the
pattern visible in Fig. 9(c). When the coherence plane is moved further posterior to the
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location of the end tips of cones we observe isolated bright spots that resemble the cone
mosaic (c.f. Fig. 9(d)). Only few cones in this layer show irregular intensity patterns. Moving
the coherence plane slightly posterior (~14 μm), a completely different structure becomes
visible (c.f. Fig. 9(e)). This structure consists of large dark patches that are surrounded by a
brighter structure. A comparison of this image with Fig. 9(a) shows that the locations of the
large dark patches correspond to the locations of the cones, while the location of the brighter
structure lies in between the cones. In the RPE (c.f. Fig. 9(f)) no regular structure (e.g. RPE
cells) can be observed. Media 4 shows a fly through movie of B scans extracted from the
recorded volume. The irregular shaped signal originating from the cones can also be observed
in these B-scans. Figure 10 shows an exemplary B-scan image from this data set and an
average over all B-scans in Media 4. The separation between RPE and the anterior layer
(located between ET cones and RPE) is very weak and can only faintly be recognized within
the averaged B-scan.

Fig. 9. SLO/OCT images recorded at ~8° eccentricity from the fovea of subject 2. Averaged
SLO image (120 frames) (a), depth averaged en-face images of the external limiting membrane
(b), junction between inner and outer segments of photoreceptors (c), end tips of the cones (d),
layer between ET cones and RPE (e), and of the retinal pigment epithelium (f). The scale bar
in all images is 30 μm. Media 3 shows the entire volume scan.
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Fig. 10. Representative B-Scan taken from the volume scan (Media 4) recorded in subject 2 at
~8 degree temporal to the fovea (top). Average over all B-scans (bottom). (Images are
displayed on a linear grey scale, image size: 0.8° (x) x 200μm (z)). The light grey part on the
left part of the image is caused by missing data due to eye motion.

One advantage of the new AO-OCT system is the ability to record several en-face images
at a certain depth within the retina. Thereby, the active axial eye tracking ensures that exactly
the same imaging depth is recorded. This enables an improvement of the signal to noise ratio
for a specific layer in a similar way as is done in AO-SLO imaging. Media 5 shows a movie
of OCT images recorded while the imaging depth of the OCT channel was kept at a position
that corresponds to the new layer located between the end tips of cone photoreceptors and
RPE. Image frames that showed severe motion artifacts (e.g. micro saccades) were removed
from the data set. The residual tracking error is well below the depth resolution of the system,
therefore the same imaging depth can be observed throughout the image sequence. In Fig. 11
the corresponding averaged SLO and OCT images are displayed. In order to better visualize
the complementary information provided by OCT, Fig. 12 shows composite false color
images of the layers ETP cones and the new layer that is located between RPE and ETP
cones. Both layers were recorded sequentially within the same imaging session.

Fig. 11. Averaged (40 frames) en-face SLO image (a) and averaged OCT image (b) (recorded
at an imaging depth corresponding to the layer between RPE and end tips of cones) retrieved
from the volume scan shown in Media 5 of the retina (subject 2) recorded approximately 8
degree temporal from the fovea. The scale bar is 30 μm (Media 5 is best viewed in loop mode).
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Fig. 12. Composite false color image of different retinal layers of subject 2. End tips of cones
(red), and layer located between end tips of cones and RPE (green) and) (scale bar: 30μm).

5. Discussion and conclusion
We presented a new AO-SLO/OCT instrument providing high lateral and axial resolution.
Eye motion artifacts, a limiting factor for high resolution imaging systems, are largely
reduced using a high speed axial eye tracker together with transverse motion correction in
post processing. Currently, the axial resolution is limited to ~5 μm in tissue by the light
source. In order to improve the axial resolution a light source with a larger bandwidth has to
be used. Thereby the AOM modulated en-face OCT technique is not a limiting factor as we
could demonstrate with previous systems that achieved an axial resolution of 1-2 μm [49].
However, power losses within the system are rather high which requires the implementation
of powerful light sources such as titanium sapphire lasers. In addition a larger spectral
bandwidth will put higher demands on the AO-correction as chromatic aberrations of the eye
(longitudinal and transverse) have to be compensated for. Longitudinal chromatic aberrations
may be compensated for using an achromatizing lens [50, 51].
An unsolved issue of the instrument is the slight discrepancy (~4dB) between theoretically
expected and measured sensitivity. Although we varied the power returning from the
reference arm, we were not able to reach the shot noise limit. Probably the implementation of
detectors with better noise characteristics may solve this issue. Nevertheless the sensitivity of
the instrument was sufficient to image the cone and rod photoreceptors in healthy volunteers
because of the high collection efficiency provided by the high numerical aperture and the AO
correction.
The fovea is the most important region for normal daylight vision. The visualization of
individual cone photoreceptors in the fovea might therefore be an important tool for clinicians
to detect early onsets of a disease (e.g. age related macular degeneration). The depth
resolution provided by OCT enables a clear separation between the layers which may
simplify interpretation of these images. In this context it should be mentioned that the
nomenclature of the outer retinal layers (IS/OS and end tips) in OCT images within the
literature is to some extent controversial [52]. We therefore decided to keep our previously
used nomenclature. A detailed analysis requires an accurate comparison of our data with
anatomical data and is beyond the scope of this paper.
In the following we discuss some of our observations of imaging posterior retinal layers in
more detail. In Fig. 6(b) and 6(d)) (corresponding to the IS/OS and ETP layers) the same
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cones can be seen although the appearance of the mosaic is slightly different. This may be
caused by a differing reflectivity of the individual cones at both layers. It has been shown for
cones at an eccentricity from the fovea that their reflectivity changes over time in both layers
[32, 53]. This effect is probably caused by the renewal process of the outer segments of
cones. Within the outer segments of cones (c.f. Fig. 6(c)) bright reflection spots (BRS) can be
observed [37]. In a previous study we could show that some BRS are changing their depth
location with time according to the renewal process of the outer segments [53]. We
hypothesized that the origin of these BRS might be defects within the packing arrangement of
the outer segment discs.
Interestingly, at the level of the RPE (c.f. Fig. 6(f)) a regular structure can be observed. In
order to emphasize regular arrangements within the images we performed FFT’s over the
entire field of view for all images in Fig. 6. The result is displayed in Fig. 13. Three layers
show Yellott’s ring. The outer two photoreceptor layers (IS/OS and ETP) and the RPE. In
order to quantify the spacing of the structure we performed a radial average over the images
in Fig. 13. The result is shown in Fig. 14. Note that the spatial frequency within the RPE layer
is much lower than within the photoreceptor layer. Although the pattern is not as clear as
images from RPE cells obtained with AO assisted fluorescence methods [54] or dark field
SLO detection schemes [55], the arrangement and size of the structure suggest that it may be
associated with individual RPE cells. Faintly, a second, larger ring can be observed in Fig.
13(e) which indicates a residual influence of the signal originating at the ETP layer to the
signal observed from the RPE layer (an improvement in depth resolution might solve this
issue).
It should be noted, however, that we observed this pattern only in the images of one
healthy volunteer. In the other volunteers we could not detect a regular structure within the
RPE (these images appear similar to the RPE shown in Fig. 9(f)). A similar visualization has
been presented some years ago using AO-FD-OCT [56].

Fig. 13. FFT’s over the entire field of view of the individual retinal layers displayed in Fig. 6.
(a) external limiting membrane (ELM), (b) the junction between inner and outer segments of
photoreceptors (IS/OS), (c) the outer segments (OS), (d) the end tips of the cone
photoreceptors (ETP), and (e) retinal pigment epithelium (RPE) (Yellott’s rings are indicated
with white arrows).
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Fig. 14. Radial average of the images displayed in Fig. 13 indicating the frequency of Yellott’s
rings (The location of the ring from the RPE and IS/OS are marked with an arrow and the
corresponding frequency value that was determined manually is displayed)

At an eccentricity of ~8° from the fovea the separation in depth provided by the AOSLO/OCT instrument enables the visualization of different reflection sites (IS/OS and ETP)
within the cone photoreceptor layer that have a different appearance. While the IS/OS layer
shows an irregular pattern, the ETP layer shows distinct and regular arranged bright spots.
The irregular pattern observed at the IS/OS layer may be caused by the wave guiding
properties of the cones. Wave guiding can result, depending on the wavelength and the
diameter of the waveguide, in different propagation modes [57]. The regular pattern observed
at the ETP might be caused by the smaller diameter of cones at this location (cones are
getting smaller in diameter towards the posterior tips). On the other hand a signal originating
from the rod photoreceptors at the IS/OS layer may additionally contribute to the irregular
pattern. (At the location of the ETP layer no signal at the location of the rods can be
observed.) The shape of a propagation mode depends on the wavelength and on the
underlying waveguide structure [58] which might therefore be used to obtain additional
information on the cone structure. In addition it raises questions about the light field exiting
these cones which may influence the appearance of images recorded from deeper retinal
layers (e.g. RPE).
An interesting observation is the new layer which is located between the end tips of cones
and the RPE (c.f. Figure 9(e) and 11(b)). This observation was presented at Photonics West
2013 [59] and in a paper that was published during the preparation of this manuscript [60].
This layer shows a structure that completely differs from the ETP and the RPE layers. We
propose that this layer can be associated with the end tips of rods because of the following
reasons. A signal from this layer is only visible at locations where no cones are present but
rods (which are known to surround cones). The signal from this layer consists of very small
dots and the spacing of these dots corresponds to the spacing of rods. In addition the signal
strength from these dots clearly dominates over the signal strength observed in between the
cones from anterior layers (c.f. Figure 9(b), 9(c), 9(d)). Therefore the main contribution to an
SLO signal at the location of the rods will be from this layer. Finally, as is known from
histology [49], the outer segment lengths of rods are slightly longer than the OS lengths of
cones. At large eccentricities this separation has been visualized in OCT B-scans with
ultrahigh resolution OCT [61]. Although the depth separation in the B-scan is not as clear as
in the ultrahigh resolution images, the completely different appearance in the en-face imaging
plane indicates the presence of an additional layer. With our new system the rod
photoreceptor mosaic, as has been shown with AO-SLO [17], cannot be resolved in the entire
image. There are differences between our system and the AO-SLO presented in [17] which
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may explain the poorer visibility of the rod mosaic in our images. First, our system is
operated at a longer wavelength region (840 nm vs. 680 nm and 775 nm). Therefore the
theoretical resolution of our system is lower. Second, we did not perform averaging of data
over an extended period of time which further helps visualizing the rod mosaic [17]. Third,
the spectral bandwidth of our light source is much larger (in order to achieve high axial
resolution with OCT) which may influence the lateral resolution (e.g. by chromatic
aberration). Fourth, OCT is a coherent imaging technique which may result in lateral coherent
effects as described in [62].
However some locations clearly show individual rod photoreceptors. This further
strengthens our above mentioned association of this layer with the end tips of rods. The
question remains if others parts of the retina (e.g. extensions of the RPE that surround
individual cones) may mimic a similar signal. However, in this case the same structure should
be observed using AO-SLO because, as mentioned above, the anterior photoreceptor layers
show only a weak backscattering signal at these locations.
One advantage of the en-face OCT system over conventional (FD) OCT instruments is the
high en-face imaging speed. Together with the axial eye tracking a specific layer at a certain
imaging depth can be observed over time. This allows for an improvement of the signal to
noise ratio similar to what is commonly done with data from AO-SLO instruments (c.f. Figs.
11 and 12). Furthermore the system can be used to study dynamic processes such as blood
flow.
One benefit of the en-face OCT system has not yet been implemented into our system: the
possibility of a dynamic focus. Since depth scanning is performed rather slowly, the focal
plane can be shifted simultaneously with the coherence gate which results in a 3D volume of
the retina with maintained high transverse resolution [36]. Our previous concept cannot be
used for AO-imaging because it requires a change in the position of the last lens which would
influence the wavefront measurement. However, with proper changes in the corresponding
AO software, the deformable mirror itself can be used for shifting the focus dynamically.
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4 Discussion and Conclusion
In recent years AO imaging of the eye has made signiﬁcant progresses. In the framework
of this thesis a lens based AO-system was built. With this instrument it was demonstrated
that the approach of using lenses instead of spherical mirrors greatly reduced aberrations
introduced by the system. With this development foveal cones and even rods could be
visualized. Additionally the capability of the instrument to support larger scanning angles
has been investigated. Diﬀraction limited performance could be obtained up to 2 degrees
FOV. Increasing the ﬁeld of view further up to 5 degrees FOV leads to a degradation of
the image quality due to increasing system aberrations and the limited isoplanatic patch
of the eye (< 2 degree). Nevertheless these large scanning angles were still useful to get
overview images of regions of interest (ROI) on the retina. These results were published
in the ﬁrst paper of this thesis.
In a next step the instrument was extended into a combined AO-SLO/TS-OCT system.
For this purpose a reference arm was built and the SLO was adapted as sample arm. As
TS-OCT is sensitive to axial eye motions an axial eye tracker based on a low coherence
interferometer was incorporated into the system. The LCI measures the axial position of
the apex of the cornea. To correct for the axial eye motion a rapid scanning optical delay
line was built into the reference arm. The data acquisition and evaluation software was
extended to include the OCT channel, control the focus of the AO-loop and the position
of the coherence plane. A pixel to pixel correspondence between the simultaneously
recorded SLO and OCT images enabled applying the motion correction, obtained from
correlating SLO images to an reference frame, on the OCT images. One advantage of the
system is the ability to record en-face images at a certain tissue depth. This enables an
increase of signal to noise ratio by frame averaging similar as it is done with AO-SLO.
Another advantage of the instrument is the live-view of SLO and OCT images during
data acquisition which enables evaluating the AO-performance during the 3D scan. It
simpliﬁes also the subject alignment during measurement which is critical to the imaging
quality. A varying image quality which depends on the subject alignment was observed,
Aligning the subject in a way that the image of the pupil was located centrally on the SH
wavefront sensor did not always yield the best AO-SLO image quality. The reason for that
is currently unknown. The sensitivity of TD-OCT is lower than in FD-OCT. This can
partially be compensated by using a higher collection eﬃciency trough implementing AO.
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Figure 4.1: a) OCT B-scan with dynamic focusing. The inner layers a clearly visible
due to the increase in SNR. b) En-face images of the nerve ﬁber layer, three vascular
layers and the photoreceptors (from left to right). The scanning angle is 1 degree and
the scanning depth 500 μm.

An unsolved issue is that the instrument shows a slight discrepancy (∼ 4 dB) between
theoretically expected and measured sensitivity. Since the sensitivity is already quite
low, this has to be addressed in a next step. In addition the focal plane can be shifted
simultaneously with the coherence plane (dynamic focus) which enables the acquisition
of an entirely sharp volume. Preliminary results recored with dynamic focus are shown
in Fig. 4.1 and are very promising. Some room of improvement remains for this system
and these shall be outlined in the following. Although the transverse motion correction is
working in principle, very small details, that are visible in single image frames are washed
out in the averaged frame. The software already incorporates a sub-frame correction, but
the optimum settings (e.g. sub-frame size) still need to be determined. One problem is the
orientation of the coherence plane within the tissue. Ideally this plane is exactly parallel to
the layers in the retina. This enables an easy separation between the diﬀerent layers and
single layer extraction. In some subject or when imaging peripherally the coherence plane
and the retinal layers are not parallel resulting in a glancing intersection of the image plane
and the retinal layers. In some cases this can be compensated by changing the suspects
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alignment (lateral displacement) which on the other hand might degrade AO-performance.
The instrument yields decent results in healthy volunteers and the instrument is ready to
start ﬁrst investigations in patients. Depending on the image quality that can be obtained
in patients, AO-OCT might be a valuable tool in order to better understand causes
and progression of retinal diseases. One focus certainly lies in patients with dry AMD.
However, the distorted structure of the retina in these patients sets new demands on the
wavefront measurement and ﬁnally the AO-correction performance. These issues needs to
be investigated with measurements in patients. As an outlook it would be interesting to
implement polarization sensitive (PS)-OCT to the instrument. Since the setup already
incorporates polarization sensitivity an implementation should be possible. PS-OCT has
a great potential in patients with AMD [] since the RPE alters the polarization sate of
the backscattered light. Another option is to exploit the phase information provided by
TS-OCT in order to measure moving particles as is done with Doppler (D)-OCT. Here the
advantage is that the ﬂow vector can be determined in 3 dimensions within the en-face
plane, as in AO-SLO, and along the imaging beam as in D-OCT). The vessel structure
and the blood ﬂow is of interest in diseases aﬀecting the vasculature as e.g. diabetic
retinopathy.
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