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2.1 Introduction and Technology

2.1.1 History

20 years after Theodore Maiman announced in
New York in a press conference the invention of
the laser [1], the first laser scanning ophthalmo-
scope, was demonstrated in a paper by Webb,
Hughes and Pomerantzeff [2]. They named their
instrument “flying spot TV ophthalmoscope”
since firstly, they used a scanned beam of an
ArKr-laser (resp. HeNe-laser for the red wave-
length range) to generate a fast “flying” laser spot
on the subjects retina and secondly, the amplified
output voltage of the photomultiplier, which was
used to detect the back-scattered light from the
retina, was directly connected to the input chan-
nel of a television tube monitor. The optical set-
up of this device is reprinted in Fig. 2.1. The
expanded beam of a gas laser is scanned by hori-
zontal and vertical scanning mirrors and deflected
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by a half-silver coated turning mirror (TM); all
components are positioned in conjugate planes to
the entrance pupil of the eye. The backscattered
light is coupled by the partially transmitting turn-
ing mirror into the detection arm with several
spatial filters to avoid artifacts from reflections at
the final lens and at the cornea.

In the following years Robert Webb and his
team, but also the Heidelberg group of Josef Bille
continuously improved and refined the perfor-
mance of the then re-baptized Scanning Laser
Ophthalmoscope (SLO) [3, 4], including the use
of frame grabber boards allowing for conversion
to digital images. Image contrast was drastically
improved by confocal detection eliminating scat-
tered light originating from outside the focal vol-
ume [5, 6]. Laser Scanning Tomography (SLT)
was introduced, were a stack of 2D SLO images
was acquired with each frame positioned at a dif-
ferent, equally spaced focal plane and from the
3D data stack a tomography image was calcu-
lated. (see [7, 8] and Sect. 2.2.2 for details).

Together with ophthalmologists the technical
groups started to evaluate the clinical value of the
new imaging technique in first clinical studies
[9]. A perimeter was integrated into the SLO in
order to determine scotoma maps of patients [10,
11], and a study on macular holes and other mac-
ular disease was accomplished at the department
of ophthalmology in San Diego in cooperation
with the Heidelberg team [6].
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g Fig. 1. Optical schematic of the system. All planes labeled P are
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optically conjugate to the subject’s pupil. All planes labeled R are
conjugate to the retina. The input beam (striped) passes through a
safety shutter S5, a beam expander BE, and a variable attenuator VA
to the horizontal scanning mirror. There it is 5 cm in diameter and
may be swept as much as 5° to either side (at 7.8 kHz). RE relays the
beam to the vertical scanning mirror (60 Hz). The labeled raster
plane is the location of various targets and masks, which will be in
focus to the subject’s view. TM is a turning mirror, half-silvered so
that D, the detector for the safety circuit, can monitor power and
power density at a retinal conjugate. G is a Glan-Air prism used as
an (optional) final polarizer. LO is currently a 28-diopter Nikon
aspheric ophthalmoscopic lens. Light scattered from the retina
emerges through the full pupil, is processed by L0, and collected by
LC, presently an aspheric Fresnel lens. This light is shown stippled.
Reflections and direct backscatter are blocked by stops S: S; blocks
the corneal reflex (first Purkinje image); Sz and Sy, the reflections
from LO. A is an (optional) polarization analyzer. L0’ places the
photomultiplier at a pupillary conjugate. Filter F is most conve-
niently placed at this point.

Block diagram of electronics.

Fig. 2.1 Adapted from reference [2]: Optical set-up of the Boston “Flying Spot TV Ophthalmoscope” (upper part) and

block diagram of electronics (lower part)

Already in 1989 Josef Bille at al. proposed
and demonstrated the use of adaptive optics in
order to improve the axial resolution of the con-
focal SLO [12].

2.1.2 Modern Confocal SLO

In Fig. 2.2 a set-up of an SLO is represented,
which is reduced for simplicity to its key compo-
nents, which are integral parts of every SLO sys-
tem. The emission of a laser diode is collimated
by a lens (CL) and the beam passes through an
out-coupling beam splitter (BSP) before it enters
the XY-scanning unit (XY). The scanning unit
deflects the laser beam in two dimensions and
thus generates the raster pattern on the retina.
The scan pupil in the plane of XY is relayed by
imaging optics onto the entrance pupil of the
examined eye (L1, L2). The anterior segment of
the eye (cornea and lens) focuses the laser beam
onto the retina. The optics must be adjustable in

order to provide compensation for myopic resp.
hyperopic eyes. Contrary to Fig. 2.1, the signal
light (backscattered light or emitted fluores-
cence) travels the same optical path back and is
“descanned” to a stationary beam. It is separated
from the incident laser beam by means of the
beam splitter (BSP) and deflected into the detec-
tion arm of the system. The signal light is then
focused by a lens (FL) onto a pinhole (PH),
which serves as confocal aperture and is located
at a plane conjugate to the retina and to the emit-
ting laser diode. The light is finally detected
(APD) and converted to an electrical signal,
which is then amplified, digitized and transferred
to the computer, where the digital image is
reconstructed, preprocessed and displayed on
the monitor. Usually the synchronization signals
frame, line, and pixel clock are derived from the
scanning system, where on one hand the line
clock of the fast scanning direction (here hori-
zontal X-axis) is divided into an equally spaced
pixel clock and on the other hand the frame clock
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Fig.2.2 basic set-up of a SLO. The core components are:
a laser (here laser diode LD), an XY scanning unit (defin-
ing the scan pupil), optics to relay the scan pupil onto the
entrance pupil of the eye, a beam splitter (BSP) to separate
the backscattered signal from the incident laser path, the

is generated to trigger the scan ramp of the
slower scan axis (here vertical Y-axis). Due to
the confocal set-up, back-scattered light, which
originates from structures anterior and posterior
to the focal plane, is blocked efficiently by the
pinhole aperture (PH). For fluorescence imaging
a barrier filter needs to be inserted in the detec-
tion arm (typically between BSP and FL, not
shown in Fig. 2.2) in order to block the reflected
excitation light.

2.1.3 SLO Core Components

In the following the technology of core compo-
nents is discussed:

2.1.3.1 Laser Source

The early SLOs incorporated gas lasers with their
superior beam profile and their stable, continuous
wave (cw) laser emission. For reflectance imag-
ing usually the red HeNe laser line (helium neon
laser) was used, whereas for fluorescence appli-
cations the turquoise 488 nm laser line of the
Argon laser (Ar* laser) became very popular.
This wavelength matches almost perfectly the
absorption maximum of sodium fluorescein, a
standard dye, which was used in clinics already
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pinhole (PH), and a high sensitivity avalanche photodiode
detector (APD). The green dotted arrow indicates the scan
sweep. An out of focus beam is also shown (yellow inter-
rupted line) to illustrate the strong attenuation of such
beam at the pinhole

since the 1960s for fluorescein angiography (FA)
with fundus cameras [13].

The Heidelberg Retina Tomograph (HRT) was
the first SLO, which used instead of a bulky and
little efficient gas laser a compact and less expen-
sive red laser diode at 670 nm. Whereas in the red
and near infrared wavelength range these laser
diodes were available already in the early 1990s,
for the fluorescein angiography the replacement
of the gas lasers took more time. In Fig. 2.3 three
generations of blue lasers emitting at 488 nm,
which were wused in Heidelberg Retina
Angiography systems (HRA), are displayed.

2.1.3.2 Scan Unit

The biggest challenge of a fast 2D scanning sys-
tem is the high line rate of 8§ kHz or more, which
is required for the fast scanning direction. In the
following it is assumed, that the fast scan axis of
the 2D scan pattern is the horizontal X-direction,
and the slow axis refers to the vertical Y-scan.
Such a fast line scan rate is required in order to
achieve frame rates of >15 Hz while maintain-
ing still a sufficient high density for square pix-
els, i.e. pixels with same separation in X- and
Y-direction. In addition to the high speed, also
the optical scan angle and the size of the scan
pupil, i.e. the mirror size, are crucial parame-
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Fig. 2.3 laser devices emitting at 488 nm for FA and
AF imaging in Heidelberg Engineering systems: (a)
Ar* laser from Uniphase Inc. used in the HRA “clas-
sic”, (b) “Sapphire” laser, an optically pumped solid

ters, which need to be carefully balanced. A
lower primary scan angle can be compensated
by appropriate magnification optics, which will,
however, at the same time reduce the diameter
of the pupil area defining the solid angle under
which back scattering or fluorescence emission
can be detected.

These demanding specifications can be met by
resonant scanners, where the mirror is mounted
on a beryllium torsion bar with a counter weight
at the other end. The total system of mirror, tor-
sion bar and counter weight has an intrinsic reso-
nance frequency with high Q-value of half the
line rate and is excited by a phase locked loop
(PLL) circuit to the fast sinusoidal scanner
oscillation.

A common alternative to resonant scanners
are polygon scanners, where a polygon-shaped
mirror is rotated by means of a fast DC motor at
up to 60,000 rpm. For a polygon mirror with
eight mirror facets, this would correspond to a
line frequency of 8 kHz. Again, the size of the
scan pupil and the required scan angle limit the
number of facets and therefore also the scan rate.

For the slow axis (vertical direction) in gen-
eral galvanometric scanners are used, which are

state laser (OPSL) from Coherent Inc. (HRA2 and early
Spectralis) and (c¢) a laser diode in a TO56 (@5.6mm)
package (Spectralis)

usually controlled in a closed loop with a saw-
tooth ramp.

2.1.3.3 Beam Splitter

Different beam splitter optics (plates or cubes)
have been used for separating the back scattered
signal light from the incident laser beam path.
For fluorescence systems (angiography and auto-
fluorescence) the use of dichroic mirrors is the
optimum choice. The dielectric coating of these
mirrors is usually designed in a way that the
beam splitter plate has a high transmission for the
excitation laser wavelength, but shows a strong
reflectivity for the ‘“red-shifted” fluorescence
emission.

For reflectance imaging, a splitting ratio of
20:80 is usually a good choice: a transmission of
20% is in many cases sufficient, since the maxi-
mum laser power, which can be applied to the
eye, is limited anyway by laser safety require-
ments. On the other hand, it is of course desirable
to couple as much as possible of the back scat-
tered signal light into the detection branch.

Another option is the use of a polarizing beam
splitter: the laser beam is p-polarized and there-
fore passes through the polarizing beam splitter
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to a very high percentage. After the beam splitter,
a quarter wave plate is inserted, which rotates the
polarization due to the double pass (out-going
and back scattering beams) by 90° in a way, that
the signal light is now s-polarized and thus
reflected by the polarizing beam splitter into the
detection unit. It is important to note, that the
birefringent structures within the eye (e.g. cor-
nea, retinal nerve fiber layer) can cause an inho-
mogeneous illumination of the image, since the
combined action of the quarter wave plate and the
birefringent tissue will lead to an imperfect 90°
rotation of the polarization.

2.1.3.4 Imaging Optics

Optics are required to relay the scan pupil to the
entrance pupil of the eye. In many cases a tele-
centric 4f design is chosen, as shown schemati-
cally in Fig. 2.2. The advantage of such a design
is, that by adjusting the distance between the two
lens groups (L1 and L2), the convergence or
divergence of the laser beam at the scan pupil can
be adjusted to correct for the refraction error of
the eye, without changing the magnification of
the scan angle at the entrance pupil.

By using lens groups with different effective
focal lengths, the primary scan angle can be mag-
nified or reduced and the beam diameter at the
eye pupil is correspondingly decreased resp.
increased. Especially for the design of wide field
imaging optics, it is important, to integrate the
lens data of wide field model eye into the optics
design file in order to achieve over the complete
scan field a sharp fundus image.

2.1.3.5 Detectors

Whereas in early SLO systems photomultiplier
tubes (PMT) were used because of their at that
time unique sensitivity, nowadays semiconductor
based detectors as avalanche photodiodes (APD)
and silicon photomultiplier (SiPM) are the first
choice.

APDs consist of a semiconductor p-n junction,
where the incident photons create free electrons in
the absorption zone. These carriers are sucked to
the multiplication zone, where a high reverse volt-
age leads to their avalanche-like multiplication

due to impact ionization. Typically a gain of more
than 100 can be achieved, and this gain is propor-
tional to the applied reverse voltage.

APDs can be operated as well in the Geiger
mode for single photon counting. In these single
photon avalanche photodiodes (SAPD) the
applied reverse voltage is above the breakdown
voltage, and an initial charge carrier created by a
single photon is extremely multiplied up to cur-
rents in the range of a milliampere. The leading
edge of this current is used to trigger a photon
counter. During the high current, the bias voltage
drops below breakdown voltage and the device is
blind for the detection of new photons. This effect
limits the maximum count rate of the SAPDs.

Silicon photomultipliers (SiPM) consist of an
array of APDs operated in the Geiger mode. The
dimension of such an array is typically in the
order of a few millimeters. The dimension of
each single SAPD cell is in the range of 10 ...
100 pm, i.e. the array typically consists of several
1000 elements. The output channels of the indi-
vidual cells are connected in one common paral-
lel read-out element. Although each element is
operated in the digital Geiger mode, the com-
bined output of the complete device yields an
analogue output, which is proportional to the
incident photon flux until the saturation level is
reached.

2.1.4 Resolution of the SLO

2.1.4.1 Limitations and Numerical
Aperture (NA) of the Eye
The optical resolution of the scanning laser oph-
thalmoscope is limited by the anatomy of the
human eye itself. As in any conventional light
microscope the minimum spot size of the focused
laser in the object plane is limited by diffraction.
The numerical aperture NA of an optical sys-
tem characterizes the range of angles (half cone
angle 0, i.e. measured against optical axis) over
which the system can accept or emit light. It also
is a measure of the optical resolution in a diffrac-
tion limited system. For the human eye it is
defined by:
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where n = 1.336 is the refractive index of the vit-
reous, D the pupil diameter, f, the posterior focal
length of the emmetropic eye (f, = 22.3 mm), and
foe the anterior focal length, which determines
the lateral scaling parameters of the retina. The
error due to the small angle approximation in Eq.
(2.1) is less than 1.25%.

For undilated pupils the maximum NA,,. is
about 0.09 (D = 3 mm) and it can be increased by
a factor of 2-3 by dilating the pupil with a drug to
D = 6 — 8 mm. However, due to the limited opti-
cal quality of the eye and due to the strong
increase of the optical aberrations in the periph-
ery, the distortions of the wave front in contrary
result in a larger focal volume on the retina and
thus decrease the optical resolution compared to
undilated pupils [14, 15]. In order to exploit the
full diffraction limited resolution for dilated
pupils, an adaptive optical (AO) element must be
used to compensate the distortions of the optical
wave front of the individual eye. With this con-
cept, the lateral resolution can be increased by a
factor of 2-3 and the axial resolution even by a
factor of 4-9 compared to undilated pupils (see
also Chaps. 16-18). The following consider-
ations are only valid for eyes without optical
aberrations, i.e. either for undilated eyes with
sufficient optical quality, or for dilated pupils
with AO compensation.

In order to calculate the lateral and axial
extension of the focus spot, the light propagation
integral of the pupil function needs to be solved.
In the following the results for two different
approaches are summarized: Fraunhofer diffrac-
tion at a circular aperture and propagation of a
Gaussian beam.

2.1.4.2 Fraunhofer Diffraction at

a Circular Aperture
Fraunhofer diffraction assumes an incident plane
wave (e.g. a collimated laser beam) with constant
amplitude over the complete, circular aperture

with diameter D. The latter assumption is usually
only a rough approximation, since the laser pro-
file typically is not flat. The radially symmetric
intensity distribution I(r,z) in the focal volume
can be separated in one expression I(r,z = 0)
describing the lateral intensity in the focal plane
and a second term I(r = 0,z) describing the axial
distribution for r = 0 as a function of axial dis-

tance z [16, 17]:
J? [)L”'Jf) .FJ
4~ "% 7 (2.2a)

D . ’
l.ﬂye

and

2 2
m-NA,,
-z
2An
with J; in the upper equation referring to the first
order Bessel function. The first minimum of this
radial symmetric distribution is at:
)" l : eye
r.. =0.61- =1.22. So
NA

eye

(2.3)

Tmin Tepresents the radius of the so-called Airy
disk. Under the assumption, that two structures
can be separated, when the maximum of the first
structure coincides with the minimum of the sec-
ond structure (Rayleigh criterion), one obtains
for the lateral resolution 0Xp:

A A Soe

5xRC :061[\/7:122—

- 2.4)

eye

In a similar way from the distribution
I(r = 0,z) a value 8z, for the full width at half
maximum can be derived [17]:

A
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For small numerical apertures with NA,,, < 0.5
this yields:
ni

2
eye

82y =1.77- (2.6)

2.1.4.3 Beam Waist for Propagating
Gaussian Beam

The propagation theory of Gaussian beams is
described in literature and in optics textbooks
[18, 19]. It assumes a Gaussian intensity profile,
which is the case for many lasers (TEMy, Mode)
and also for the output of single mode fibers.
However, it normally does not consider the trun-
cation of the Gaussian beam at the finite aperture,
which results in a broadening of the focus distri-
bution. The propagation of the non-truncated
beam is described by the beam waist @(z), which
gives the beam radius (intensity drop to 1/e?) as
function of the axial position z. The beam waist
in the focus plane is denoted w,, the Rayleigh
length z, refers to the z-distance, where the cross
section radius is increased by a factor of \/ 2,1e.
the area is doubled.

o(z)=w, 2.7
with
24+
w, = Joe = A (2.8a)
n-D  m-NA,
and
nem-o}
z =— 2 2.8b
, ) (2.8b)

Dickson [19] investigated the influence of
truncation of the Gaussian beam by a circular
aperture, which depends on the ratio of the trun-
cating circular aperture with radius r, and the
Gaussian beam waist in the pupil plane w,:

— for r, > 2 - w, the truncation effect is
negligible.

— for r, = w,, the truncation will result in an
increase of the focus waist of ~50%.

— for ry, < w,, the focus waist will approximate
the result of the Fraunhofer diffraction
pattern.

For SLO examination on an undilated eye the
limiting aperture is usually the iris (2-3 mm
diameter), which is often in the order of the beam
diameter of the laser beam (r, & ®,), thus a trun-
cation factor of x1.5 is in many applications
justified.

2.1.4.4 Resolution Improvement
Due to Confocal Detection

In order to determine the influence of the con-
focal aperture on the lateral and axial resolu-
tion, the illumination point spread function
(PSF, i.e. the 3D intensity distribution of an
ideal point source imaged onto the sample)
needs to be multiplied with the detection point
spread function defined by the image of a point
source emitter within the sample onto the pin-
hole aperture. Thus, in theory the confocal
detection could improve the resolution by a
factor of 1/ \/ 2, however, this enhancement is
only achieved when the pinhole size is much
smaller than the Airy disk diameter projected
into the pinhole plane. Usually, for intensity
reasons, this is not the case in commercially
available cSLOs.

In Table 2.1 some values for typical focus spot
parameters are summarized for different assump-
tions, wavelengths and pupil diameters:

2.1.5 Example for High Resolution
SLO Image

The following SLO image was acquired with a
Spectralis using a high magnification objective
(HMO) on a healthy subject. The HMO reduces
the optical scan angle by a factor of 2 and in
addition the digital pixel density is doubled in
both scan directions. This results in a 16x higher
pixel density compared to the standard 30° HR
scan image (see Fig. 2.4). The laser wavelength
was 815 nm and in order to avoid additional
aberrations, the pupil was not dilated. The mea-
surement was taken at an eccentricity of about
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Table 2.1 Summary of lateral and axial resolution resp. focal dimensions for non-dilated and dilated pupils, under the
assumption that the optical aberration is perfectly compensated e.g. by adaptive optics

Undilated pupil (2.5 mm) Dilated pupil w. AO (7 mm)
Parameter, Assumption and equation 815 nm 486 nm 815 nm 486 nm
Resolution Rayleigh criterion [pm] based 6.6 4.0 24 1.4
on Airy disk 8xz¢ (Eq. 2.4)
Axial resolution (8zyy;,) in micrometer 344 205 44 26
corresponding to ref. [17] (Eq. 2.6)
Focus spot diameter (1/e?) [pm] 6.9 4.1 2.5 1.5
Gauss beam diam. 2w, (Eq. 2.8a)
Focus spot diameter for truncated Gauss 10.4 6.2 3.7 2.2
beam [pm] (1, ~ ®,)
Axial extension of the focus [pm] (confocal 123.7 73.8 15.8 94
param. b = 2z,, Eq. 2.8b)

Fig. 2.4 (a) High resolution SLO image on a healthy
subject at an eccentricity of 10°. The size of the image is
8° x 8° corresponding to about 2.3 mm x 2.3 mm. (b)

10°. The diameter of the cone cells (inner seg-
ments) varies between =2 pm and 7 pm with
eccentricity increasing from 0° to 5° [20].
Further in the periphery a slow further increase
to about 8 pm is reported. The images clearly
demonstrate, that structures as small as 6—8 pm
can be imaged in the retina, without the use of
adaptive optics.

Detail of the fundus image clearly displaying the cone
pattern, without the use of adaptive optics. (c¢) For orienta-
tion: 30° image of the same eye

2.2 Laser Scanning Tomography

Gerhard Zinser and his team developed in 1991
the Heidelberg Retina Tomograph (HRT), a com-
mercial SLO, which was from the beginning
dedicated for the diagnosis of glaucoma by

assessing the morphology of the optical nerve
head.
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Together with his partner, Christoph
Schoess, he founded Heidelberg Engineering
and the HRT was the first product of the com-
pany. Both were before employees with
Heidelberg Instruments, were Gerhard Zinser
led the R&D department for laser scanning
ophthalmology and built already in the late
1980s a series of prototypes of a confocal
SLO, which was named Heidelberg Laser
Tomographic Scanner (LTS). In 1998 (HRTII)
and in 2005 (HRT3) the next generations of
the HRT with improvements in the data acqui-
sition work flow as well as in the analysis soft-
ware were released (see Fig. 2.5).

2.2.1 HRTII/HRT3 Acquisition

Work Flow

For laser scanning tomography a set of 2D SLO
frames at equally spaced focal positions is acquired.
Therefore, between two frames of a series, the focus
of the laser is shifted by means of a motorized tele-
scope within the camera head. For the HRTII/HRT3
the data acquisition work flow is as follows:

First the patient is positioned and fixates with
the examined eye on a fixation target presented at
about 12° nasally, such that the optic nerve head
(ONH) appears centered within the 15° x 15°
scan field.

Fig. 2.5 Three generations of confocal SLOs for optic
nerve head (ONH) tomography built in Heidelberg. (a)
Laser tomographic scanner (LTS) form Heidelberg

Instruments (1989), (b) Heidelberg Retina Tomograph

(HRT “classic”), the first product of Heidelberg
Engineering (1991) and (c¢) compact HRT3 (2005)
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The user then aligns the camera head in three
dimensions, in order to make sure, that the scan
pupil, i.e. the pivot point of the scanning laser beam,
coincides exactly with the entrance pupil of the eye.
The SLO image is displayed on the monitor and the
brightness of the image, i.e. the detector sensitivity,
is adjusted automatically (auto-brightness) to make
sure, that the signal falls over the complete z-scan
within the linear range of the detector and no satura-
tion effects corrupt the data. Once the camera is
properly aligned, the acquire button is pressed and
the acquisition of three consecutive z-scans is
started. The first series consists of a stack of 64
images with a focal plane distance of 62.5 pm, i.e.
covering an overall z-range of 4 mm in the eye.
From this first series, the required z-scan depth for
the two consecutive z-scan is calculated (depending
on the ONH geometry 2—4 mm), in order to avoid
unnecessary long acquisition time. Finally an auto-
matic quality control check is performed, and if o.k.
the series are saved on the computer.

2.2.2 HRTII/HRT3 Data Processing

Each of the three acquired series is corrected for
eye movements during the z-scan by laterally
matching and shifting each image with respect to
the previous image within the scan.

On the basis of the corrected data set a topogra-
phy and a reflectance image is calculated for the
three series. In Fig. 2.6 the working principle of the
computation algorithm is displayed. For each lateral
pixel (xy-position), the z-profile is analyzed and the
xy-values for the reflectance (mean brightness) and
topography (surface height of the retina) images are
calculated corresponding to the equations in
Fig. 2.6. On the basis of the three sets of images
finally a mean tomography and a mean reflectance
image is calculated (see Fig. 2.7). For better visual-
ization, the topography of the ONH can be dis-
played also as a 3D surface, as shown in Fig. 2.8.

2.2.3 Contour Line, Reference Plane
and Stereometric Parameters

After data acquisition and calculation of the
reflection and topography images, a contour

line around the optic disk needs to be defined,
similar as it is the case in cup/disk ratio mea-
surements on fundus images. The contour line
is used to calculate stereometric parameters as
the rim area, rim volume, cup shape measure
and others, which describe the shape of the
ONH. In addition, these parameters can be
combined by means of several discriminant
functions, which have been proven in clinical
studies to have a high sensitivity and specific-
ity for glaucoma detection [21-24].

The ONH contour needs to be manually
defined by the physician and some experience is
required to correctly place the line around the
optic disk. However, it has been shown in a clini-
cal study [25], that the variability between con-
tour lines drawn by different physicians has only
little effect on the parameter data. In addition, the
contour line needs to be defined only once for the
baseline data and then is automatically trans-
ferred to the new image data acquired during
follow-up examinations.

The reference plane is calculated on the basis
of the defined contour line: the plane is parallel
to the peripapillary retinal surface and it is set
50 pm below the retinal surface height at the
papillomacular bundle, which is located in the
350-356° section (temporal) of the contour line.
The reference line is used to separate between
rim and cup area resp. volume. Structures inside
the contour line are defined either as neuroreti-
nal rim, if their surface height (maximum of the
z-profile) lies above, or as cup, if their surface
height lies below the reference plane (Fig. 2.9).
This definition of the reference plane allows for
objectively comparing follow-up exams to the
baseline data.

2.2.4 Analysis of HRT Optic Nerve
Head (ONH) Data

2.2.4.1 ONH Classification Based

on Moorfields Regression

Analysis
In 1998 Wollstein et al. from the Moorfields hos-
pital in London proposed a linear regression
analysis based on the rim to disc area ratios for
the ONH [26]. They imaged in a cross-sectional
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Fig. 2.6 from the volumetric dataset the z-profile for each xy pixel is analyzed in order to calculate the corresponding
pixels R(x,y) for the reflectance image respectively T(x,y) for the tomography image
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Fig. 2.7 On the basis of three acquired confocal SLO series finally a mean topography and a mean reflectance image
are calculated

Fig. 2.8 ONH topography displayed as 3D surface for better visualization. Left: ONH classified as normal, Right:
ONH with large excavation, classified as borderline

Mean Topography

Papillo-macular bundle (350°-356°)
peripapillary
rim retinal surface

50um §

temporal

reference plane

cup nasal

Define disc contour Automatic evaluation

Fig. 2.9 Left: ONH contour line. Middle: Sketch to  of the cup (red) and rim (blue and green) area as over-
illustrate the definition of the reference plane and the lay to the topography image
cup resp. rim area and volume. Right: Representation



2 Scanning Laser Ophthalmoscopy (SLO)

47

Moorfields Regression Analysis

normal

outside normal limits

Fig.2.10 Moorfields Regression Analysis: Left: ONH classified “normal”, right: ONH classified “outside normal limits”

study 80 normal subjects and calculated from the
linear regression curves different confidence
intervals (CI) for normal subjects. The data was
analyzed for the global ONH as well as sepa-
rately for six different sectors (see Fig. 2.10).
This approach was implemented with an
extended reference database in the HRT soft-
ware, in order to classify acquired ONH data as
follows: “within normal limits” for subjects with
arim-disc area ratio within the 99% CI (globally
and in all six sectors), “borderline” for subjects,
where at least one of the seven parameters was
outside the 99% CI but still within the 99.9% ClI,
and “outside normal limits”, when the rim-disc
area ratio for at least one of the seven parameters
was outside the 99.9% CI of the reference data-
base. Examples for such a classification are
shown in Figs. 2.10 and 2.11.

2.2.4.2 Follow-Up and Progression
Analysis

In order to differentiate between a progressing

glaucomatous and a stable ONH, follow-up

examinations acquired at later time points are

compared with the original baseline data.

Therefore, first the follow-up images are matched

to the baseline images, in order to compensate for
head tilts, accommodation differences and other
external influences and in a second step the base-
line contour line is transferred to the new images
to enable the calculation of all the follow-up ste-
reometric parameters.

One possibility to visualize the temporal
development is to plot the stereo-metric parame-
ters versus time, with the date of the baseline
examination as origin of the time axis. Since the
absolute changes and also the sign of the changes
vary for different parameters, the temporal
change of each stereometric parameter is normal-
ized to the difference of this parameter averaged
over a healthy group and over a group of glau-
coma patients.

Another possibility to visualize the changes
in a time series of ONH topography images
was proposed by Chauhan et al. [27]. They
assessed by means of statistical methods the
significance of changes of clustered super-pix-
els in the topography images and visualized
these changes by colored overlays: red indicat-
ing a decrease of surface height (i.e. increase
of excavation) and green indicating an increase
of surface height.
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Global and sectoral classification by Moorfields Regression Analysis
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 outside normal limits.

Fig. 2.11 Results for Moorfields linear regression analysis displayed for the global ONH and the six segments

2.2.5 Summary SLT for Glaucoma
Diagnostics

Laser scanning tomography was for several years
the gold standard for diagnosis and monitoring
the progression of glaucoma by assessing the
morphology of the optical nerve head. Numerous
clinical studies, which have been published in
peer-reviewed journals, have shown, that the
HRT enables reproducible measurements of the
morphology of the optic nerve head [7, 28], has a
very high sensitivity and specificity for discrimi-
nating patients with early glaucoma from normal
subjects [26, 29] and that the success of therapeu-
tic intervention can be reliably assessed by
documenting the stagnancy resp. the progression
of the disease [27, 30, 31].

Only with the availability of spectral domain
OCT systems (see Chap. 3), which provided on
one hand a much better axial resolution com-
pared to the confocal SLO and on the other hand
a much shorter acquisition time and higher spa-
tial accuracy compared to the previous commer-
cially available time domain OCT device, the
demand for laser scanning tomography technol-

ogy slowly decreased. However, since glaucoma
is a slowly progressing disease, where the pro-
gression needs to be monitored carefully over
years and presently acquired data needs to be
compared with baseline and follow-up data
acquired years ago, the HRT is still a valuable
instrument used on a daily base in clinical prac-
tices for monitoring and managing glaucoma
patients.

2.3 Widefield Indocyanine Green

Angiography (ICGA)

The advent of widefield imaging has for the
first time offered the chance to investigate
both, the central and the peripheral retina, in a
single examination. A wide visualization of the
retinal periphery is necessary for the screen-
ing, diagnosis, monitoring, and treatment of
many diseases. Early diagnosis of peripheral
retinal or choroidal disease could reduce a
potential vision loss.

Fluorescein angiography (FA) and indocya-
nine green angiography (ICGA) are two imaging
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Fig. 2.12 Indocyanine green angiography images of a
patient with retinal vein occlusion. From the left to the
right: 30° field of view with standard Spectralis objective,
55° WFO, 60° with Ocular Lee-Mainster SLO lens, 102°

Fig. 2.13 Indocyanine green angiography in a healthy eye
showing the 7-standard fields, the wide field and the ultra-
wide field areas. The red outline highlights the 7-standard
fields and the blue circle outline highlights the wide field area

modalities that use a water-soluble dye to visual-
ize retinal and choroidal vasculature [32].
Simultaneous widefield fluorescein and indo-
cyanine green angiography with confocal scan-
ning laser ophthalmoscope can be performed to
explore areas of peripheral chorioretinal non-
perfusion and neovascularization beyond the
range of conventional fundus cameras. Several
add-on lenses for confocal SLOs can be used to
obtain different fields of view (see Fig. 2.12).

UWEF, 120° on horizontal axis and 80° on vertical axis
with Optos imaging system, and 150° with the Ocular
Staurenghi contact lens in combination with Spectralis

Using widefield angiography important clini-
cal observations have been made under several
conditions. One important application of wide-
field angiography is in patients with diabetic reti-
nopathy. Several studies have demonstrated the
association between peripheral retinal non-
perfusion and the occurrence of neovasculariza-
tion and diabetic macular edema [33-35]. The
Diabetic Retinopathy Study introduced imaging
of diabetic retinopathy in the retinal periphery by
obtaining 7-standard fields. By combining these
30-degree images, a montage visualizes about
75° of the retina [36]. Ultra widefield fluorescein
angiography images captured 3.9 times more
area of retinal non-perfusion, 1.9 times more neo-
vascularization and 3.2 times more retinal sur-
face area than what is seen within the ETDRS
standard 7-fields overlay [34] (Fig. 2.13).

Another important use of widefield fluorescein
angiography in diabetic retinopathy is the evalua-
tion of peripheral retinal areas of non-perfusion or
neovascularization to perform a target laser pho-
tocoagulation (Fig. 2.14). This treatment is useful
to reduce the vascular endothelial growth factor
production and to increase oxygen diffusion from
the choroid [37, 38]. Widefield fluorescein angi-
ography allows for treating specific areas of reti-
nal non-perfusion while using less energy and
sparing relatively better perfused tissue from
laser-induced tissue scarring.

Also in patients with retinal vein occlusion,
ultra widefield angiography may be a powerful
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Fig. 2.14 Fluorescein angiography images of a patient
with proliferative diabetic retinopathy: (a) 30° field of
view, (b) WFO 55°, (¢) 60° with Ocular Lee-Mainster

tool to identify therapeutic target areas for pho-
tocoagulation, allowing for efficient treatment
of ischemic retina, and for potentially minimiz-
ing collateral destruction of adjacent viable per-
fused retina [39].

Widefield angiography is also used in patients
with uveitis. The diagnosis and management of
uveitis is challenging. Accurate diagnosis, defi-
nitions of activity and response to treatment are
typically defined by clinical and angiographic
appearance [40]. Some features of posterior
uveitis, such as perivascular sheathing, periph-
eral capillary non-perfusion, venous staining or
leakage, cystoid macular edema, and disc
edema, could be detected by widefield angiog-
raphy [41]. This technique allows for detecting

SLO Lens; (d) UWF 102° and (e) 150° with the Ocular
Staurenghi contact lens

images of both central and peripheral retina
simultaneously giving more precise details then
montage reconstruction.

Intraocular choroidal tumors are better visual-
ized using wide field angiography. Differential
diagnosis is supported by using multimodal imag-
ing approach. Abnormal choroidal vessel or intrin-
sic vessels as in hemangioma or in melanoma are
better seen in widefield angiography allowing for a
more precise diagnosis.

Imaging the peripheral retina has significantly
improved over the past years. Widefield angio-
graphic technology has become an important
clinical tool with regards to early diagnosis, treat-
ment and monitoring of most sight-threatening
retinal and choroidal diseases.
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24 Quantitative Autofluorescence

of the Retina

Confocal scanning laser ophthalmoscopy has been
the imaging system of choice for auto-fluorescence
(AF) imaging because of its high sensitivity and its
image averaging capabilities that are required to
record the fundus AF with acceptable signal/noise
ratios using safe retinal exposures. The first clini-
cal AF imaging systems were introduced in the
mid-1990s [42, 43] using an excitation wavelength
of 488 nm. Subsequent developments and the
introduction of several commercial imaging plat-
forms have further broadened the field and allowed
AF imaging to become an important imaging
modality for clinical diagnosis [44].

2.4.1 Origin and Spectral
Characteristics of Fundus

Auto-Fluorescence (AF)

The fluorophore responsible for AF of the fun-
dus is principally lipofuscin residing in the reti-

Fig.2.15 Average ! !

nal pigment epithelium [45]. Lipofuscin is a
byproduct of the visual cycle. The tips of the
outer segments of photoreceptor are damaged
by photo-oxidation and are phagocytosed on a
daily basis. These materials contain poly-satu-
rated fatty acids and byproducts of the visual
cycle that are partially digested in the RPE. A
small fraction is chemically incompatible for
degradation and accumulates in lysosomes of
the RPE as lipofuscin, a mixture of various fluo-
rophores. Chemically some of these compounds
have been identified and synthetized as bisreti-
noids [46, 47].

In-vivo spectrophotometric and imaging stud-
ies of AF have shown that the fluorescence can be
excited from 430 nm to about 600 nm [45, 48,
49]. In healthy subjects, the excitation spectrum
is maximum around 500 nm with a shift towards
longer wavelengths with increasing age
(Fig. 2.15). The fluorescence is emitted over a
broad spectral band extending from the excitation
wavelength to about 800 nm, with a maximum
shifting from 600 nm to 660 nm as the excitation
wavelength is changed from 430 nm to 600 nm,

excitation spectra (left)
and emission spectra
(right) of fundus
auto-fluorescence: Blue
spectra: group of young
healthy subjects (n = 26;
15-28 years), and Red
spectra: group of old
healthy subjects (54—67
years). The excitation
spectra represent the
emission at 620 nm
plotted against the
respective excitation
wavelength (430, 470,
510, 550 nm). The error
bars are the 95%
Confidence Intervals. All
spectra were corrected to
account for the
absorption of the ocular
media. Interrupted lines
(left panel) are 0-
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respectively. This “red-shift” occurs for excita-
tions at the long wavelength end of the absorption
spectrum of some fluorophore in viscous or polar
environment [50]. The emission spectra in
healthy subjects shift slightly towards shorter
wavelengths with increasing age, a trend that is
accentuated in AMD [51]. This could be the
result of oxidation of lipofuscin and/or due to a
fluorescence contribution of Bruch’s membrane
deposit.

2.4.2 Quantitative Auto-
Fluorescence (AF) Imaging

Quantitative measurements of fundus AF from
images acquired with SLO would be possible if
one also measured the laser power, and recorded
the sensitivity and zero value after acquiring each
image. Grey levels in the image and the gain ver-
sus sensitivity calibration then allow quantifica-
tion of AF levels. However this was judged not
practical because these measurements are not
necessarily easy to perform. Instead, a fluores-
cent standard was incorporated as a reference in a
Spectralis SLO path (Heidelberg Engineering.
Heidelberg. Germany). The reference is located
in a plane conjugate to the retina, so that it is
always in focus with the fundus image (Fig. 2.16).
Average grey levels of the reference allow
accounting for the effect of variation in laser
power and detector gain [52].

Successful acquisition of images for quantify-
ing fundus AF depends in large part on the skills
of the operator, and a dedicated operator is highly
recommended. Detailed protocols for acquiring
optimal AF images have been published [53]
including special protocols used in quantitative
work [54]. In essence, the fundus of the dilated
test eye (>6 mm diameter) is first illuminated
with 488 nm light for a 20-30 s long period to
reduce AF attenuation by photo-pigment absorp-

GL GL

Fundus

Internal Fluorescence
Reference

Zero Strip

Fig. 2.16 Reference and zero strip as implemented by
Heidelberg Engineering. Image from Janet Sparrow, PhD
(Columbia University)

tion (bleaching). Focus and camera alignment are
optimized during that period. Critical uniformity
AF signal over the whole field is attained by fine
axial adjustment of the camera position. The sen-
sitivity is adjusted to avoid non-linear effects for
both the fundus and the internal reference (see
later). After final alignment a ‘video’ of 9 or 12
frames is acquired. After rejection of low quality
frames (eye-movement, iris obstruction), the
remaining frames are aligned and averaged and
saved in the “non-normalized” mode (no
histogram stretching) to create the AF image for
analysis.

The AF is then quantified as gAF by compar-
ing the grey levels (GL) of every pixel of the fun-
dus image with the mean GL measured at of the
internal reference, accounting for the zero-signal
(no light):

gAF = RCF x

Reference Zero

- Zero x M
-GL M

2
om j y 105.56><10 ¥x( 4ge? ~400) 2.9)
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Fig. 2.17 The magnification correction factor (M,,/M)?
is a function of refractive error and of radius of curvature
of the cornea. The factors were computed on the basis of
Gullstrand eye model (No. 2) and the optical characteris-
tics of the Spectralis. The cloud of grey points represents
the distribution of magnification correction factors and
refractive errors for the healthy subjects. The average
magnification factor was 1.06 and the 95% confidence
interval was 0.87-1.25

RCF is the ‘Reference Calibration Factor’
obtained from calibration of the internal reference
with a Master fluorescent target. The (M.,/M)* term
accounts for differences in magnification between
the test eye and an emmetropic eye (Fig. 2.17).

The last term of the Eq. (2.9) accounts for the
absorption of the excitation light and the fluores-
cence emission by the ocular media. We have used
the algorithm of van de Kraats and van Norren [55]
to estimate the average optical density of the ocular
media at a given age. In order to eliminate some
unknown terms, this density was expressed relative
to the media density at age 20 years [56]. Thus, gAF
reflects fundus AF relative to that which would be
measured through the media of a 20-year-old
emmetropic eye with average ocular dimensions.

After acquiring mean GL’s from the internal
reference and zero-strip (or the info panel), all
pixels” GL of the image are converted into gAF

400
Optic
«= 3004 Disc
3
& 200 \
1004 ]
0 1 1
T T T T T 1
0 50 100 150 200 250

GL (fundus)

Fig. 2.18 The standard sampling areas are eight seg-
ments organized in an annulus around the fovea. The inner
and outer radii of this ring are 0.58 x FD and 0.78 x FD,
respectively, where FD is the horizontal distance between
the edge of the disc and the foveal center. The histogram
for each segment is fitted with two Gaussians allowing for
the separation of fundus pixels (red) and in some cases
pixels from vessels (blue). The green bracket shows the
range, over which GLs are integrated to yield a mean
value for that segment. The GL for the optic disk is also
calculated and serves as criterion to define ‘atrophy’ when
analyzing retinal degenerations

by applying Eq. (2.9). The resulting gAF image is
analyzed with dedicated software. The same pro-
gram was duplicated in the Heidelberg version of
its gAF software. Mean gAF’s are then computed
at eight standard locations in the fundus
(Fig. 2.18). To obtain a single qAF metric for an
eye, we generally average the gAF of segments of
the middle ring. This average, gAFs, minimizes
the variation of the natural distribution of AF at
the posterior pole; it is highest in the supero-
temporal quadrant and lowest in the infero-nasal
quadrant [57, 58].
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Fig.2.19 Variation of 1 1
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A critical condition for the validity of Eq. (2.9)
is that the exposure of the detector is in the linear
range of the GL versus light exposure characteris-
tics (Fig. 2.19). Non-linear behavior occurs at high
GL’s because noise may cause some of the expo-
sures to correspond to GL > 255. This ‘saturation’
can be avoided by limiting the GL’s to those indi-
cated by curve A (the software produces pixel-size
colored flashes when this occurs). Similarly, at low
GL many of the GL may in fact correspond to
GL < 0 (non-linearity not shown). Keeping the sen-
sitivities higher than that shown by curve B (71)
will prevent this error and insure that GL(Reference)-
GL(Zero) remains above about 20. Finally, at sen-
sitivities higher than about 91 (line C) the detector’s
gain becomes extremely variable and unstable.

2.4.3 Research Studies

gAF methodology has been used for normative
studies [58, 61], and in investigations of patients
affected by Best vitelliform macular dystrophy
[60], recessive Stargardt disease [59], Bull’s eye
maculopathy [62], Retinitis Pigmentosa [63], and

Sensitivity (S)

GL(Reference)-GL(Zero)

Age related macular degeneration [64].
Additionally, studies of subjects with a monoal-
lelic ABCA4 mutation were also reported [61,
65]. The method appears robust when the image
quality is good particularly in terms of unifor-
mity. In different studies, repeatability for two
sessions on the same day varied from +6% to
10% (95%CI) and concordance between eyes
was +13-20%. These studies have demonstrated
that quantification of AF with this standardized
approach can aid in assessing whether specific
fundus areas in pathological conditions have nor-
mal or abnormal AF levels, in providing valuable
genotype-phenotype correlations and in studying
the natural history of disease progression in con-
trast to normal aging. However, long-term repeat-
ability will have to be systematically investigated
before longitudinal studies are undertaken.

2,5 Summary and Conclusion

The scanning laser ophthalmoscope has, since its
invention in 1980, undergone numerous improve-
ments and has evolved in a sophisticated and
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versatile imaging modality. Today, SLO imaging
is a very established tool in clinical routine. Two
examples, the scanning laser tomography for
glaucoma diagnostics (Sect. 2.2), as well as the
wide field SLO angiography and its importance
for the assessment of various retinal and choroi-
dal diseases (Sect. 2.3), have been discussed in
detail. But also other SLO applications as multi-
color imaging [66] and autofluorescence imaging
[67] are successfully used in clinical routine for
the diagnoses and progression control of various
diseases as e.g. age-related macular degeneration
(AMD) and hereditary macular dystrophies.
Furthermore, in many devices SLO technol-
ogy is used to provide a reference image in order
to actively track eye movements and thus stabi-
lize the area of interest for other examination
technologies as optical coherence tomography
(OCT) (Chap. 3), OCT angiography (Chap. 6),
fluorescence lifetime imaging ophthalmoscopy
(FLIO, Chap. 10) and microperimetry [68].
Finally, SLO autofluorescence imaging is a
very active field of research, since it visualize the
distribution of intrinsic fluorophores (mainly
lipofuscin components), which play an important
role in the visual cycle (renewal) of photorecep-
tors. Therefore, the quantification of the intrinsic
fluorescence as described in Sect. 2.4 can provide
a better understanding of the natural history of
diseases and their pathological mechanisms.
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