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anatomical pictures performed by fluorescence
angiography. It seems possible to visualise reti-
nal areas of capillary non-perfusion by this
method which is important in many diseases
with altered retinal perfusion.

The good reliability may be due to the
qualitative examination of the retinal perfusion
images before using the perfusion images for
blood flow quantification. Artificial movements
or other disturbances are obviously visible in the
perfusion pictures leading to a drop out of these
perfusion pictures.

LIMITATIONS OF THE METHOD

The total time of measurement is 2 seconds.
Therefore patients with bad fixation may show
artefacts in the perfusion picture owing to eye
movements (microsaccades) during the mea-
surement, giving a horizontal white line in the
perfusion picture. Before and after the
microsaccade the fixation of the eye is stable,
leading to correct values of the perfusion
measurement. In these areas of the perfusion
picture retinal vessels and capillaries are
sharply imaged. Only during the time of the
microsaccade are the examined retinal points
moving with a high velocity, leading to
extremely high flow rates. In this area all pixels
are very bright. Thus, only the offline measure-
ment of perfusion variables below and above
the white line of the perfusion picture resem-
bles correct perfusion values (Fig 5).

If the examined patient is not able to fixate
at all, the perfusion picture is grey and shows
no details of the retinal vasculature. In this case
the picture is left out.

The choriocapillary meshwork is not imaged
when focused on deep layers of the retina.
Owing to the high absorption of the used laser
light by the retinal pigment epithelium the
choroidal vasculature remains invisible using
laser light with wavelengths of 670 or 790 nm.

The scattering processes of stationary and
moving particles in retinal tissues can not be
described exactly. Thus it is difficult to
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interpret the quantitative results for single
measured pixels. The application of the
Bonner and Nossal theory leads to impressive
maps of the perfusion of the retina and the
optic nerve head. The exact theory of the
scattering processes (number of scattering
events, scattering angles) needed to be investi-
gated in more detail. Nevertheless, the
described method yields a two dimensional
index for retinal perfusion.

Conclusion

The combination of scanning laser ophthal-
moscopy and laser Doppler flowmetry leads to a
visualisation of perfused capillaries and vessels
of the retina and the optic nerve head. SLDF
enables a non-invasive, high resolution mapping
of perfused vessels and capillaries of the retina
and the optic nerve head. Using a two dimen-
sional measurement of the perfusion coded by
the Doppler shift it is possible to perform a
reproducible quantification of capillary blood
flow of distinct areas of the capillary meshwork
of the retina and the optic nerve head.
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Appendix

PRINCIPLES OF FUNCTION OF SCANNING LASER
DOPPLER FLOWMETRY

The so called scanning laser Doppler
flowmetry method (SLDF)!? uses the ability
of a laser scanning tomograph to measure the
amount of backscattered light at different
locations at the tissue of interest in a very
short time. We used the scanning laser device
of Heidelberg Engineering (Heidelberg).
Since it is sufficient, in describing a fluctuat-
ing signal, to take samples from the signal
with a sampling rate of at least twice the high-
est signal frequency, numerous points of the
tissue can be examined very quickly by a scan-
ning method.

For a single picture line the procedure is as
follows: one sample from each point of the
line is taken. After a flyback time this mea-
surement is repeated several times for the
same points with a high repetition rate. Thus,
the backscattered intensities for each scanned
point are obtained as a function of time
(intensity-time curve). A spectrum analysis
from the data of each location is performed
using a fast Fourier transform algorithm.
Thus the power spectrum of the Doppler shift
of each retinal point is calculated by which the
blood flow variables w and x can be com-
puted.”

The ‘effective Doppler shift’ called ‘flow’ is
calculated by equation (5).

2000Hz
w=2m( lz,ng(t)dt)/P(f=0) 5)

where P(f)df is the power of the photodetector
current associated with fluctuations in a fre-
quency range df about f (in Hz), and P(f=0) is
the DC power in the detected signal. ‘Flow’
describes the distance travelled by all moving
cells inside the sample volume per unit time.
Results independent of the reflectivity of the
tested tissue are obtained by dividing the sum
by the average power (=DC power) received
by the photodiode. Frequencies lower than
125 Hz were excluded to suppress the
influence of mechanical vibrations.

The ‘fraction power’ of the Doppler shift,
called ‘volume’ is calculated as

(6)

Using equation (6) it is possible to calculate x,
which is proportional to the mean number of
photon collisions with moving cells. The value
of x can be used to determine the concentra-
tion of blood cells moving in the tissue.
‘Volume’ is proportional to the number of

2000Hz
x=2m( 122 g P(f)df)/P(f=0)
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moving red blood cells (RBCs) in a sample
volume of tissue.

The mean RBC speed, called ‘velocity’ can
be calculated from equation (7).

Velocity=w/x )

Performing this sampling procedure point by
point yields the map of the blood perfusion of
a distinct retinal area. Qur data acquisition
and evaluation system is a modified laser
scanning tomograph. The spatial resolution
accuracy of the scanning laser system is 10
pm.!! The examined retinal area has a size of
27 mmXO0-7 mm and is mapped by a resolu-
tion of 256 pointsX64 lines. Laser diodes
with wavelengths of 670 nm and 790 nm,
respectively, and optical powers of 100 pW
and 200 pW, respectively, are used as the
light source. Laser light with a wavelength of
670 nm is subjectively brighter for the patient
than 790 nm. On the other hand, laser light
at 790 nm produces better tomographic
pictures of the optic nerve head vasculature
by better penetration through the neuronal
tissue.

The scanning laser system examines the
retina in a 10° field without pupil dilatation
using a confocal optical system. Each horizon-
tal line of 256 pixels is scanned 128 times with
a line repetition rate of 4000 Hz. This process
is repeated for each of the 64 horizontal rows.
This leads to an intensity matrix of 256
pointsX 128 timesX64 lines. The total data
acquisition time is 2-048 seconds. Performing
a fast Fourier transform (FFT) of the 128
intensity values of each retinal point yields the
spectrum of the Doppler shift of any retinal
point. Doppler frequencies less than 2000 Hz
can be detected correctly using a line sampling
frequency of 4000 Hz. To minimise the influ-
ence of other movements such as breathing,
cardiac action, and intensity fluctuation owing
to other effects frequencies lower 125 Hz were
excluded.

With the calculated data of flow (equation
(5)), volume (equation (6)), and. velocity
(equation (7)) two dimensional maps of the
flow, volume, or velocity are created where the
brightness of each pixel encodes the movement
of the blood cells in the corresponding retinal
area. The brighter the pixel the faster the cells
move at this retinal point. For quantification of
capillary retinal blood flow in terms of laser
Doppler flowmetry in relative units the mean
value and the histogram of flow, volume, and
velocity may be calculated in any region of
interest of the retinal perfusion picture. Figure
6 shows schematically the principle of function
of SLDF.

By the confocal principle of the scanning
laser system used it is possible to focus the
laser beam on superficial or deep layers in the
prelaminar region of the optic nerve head.
The thickness of an imaged layer is 300 pm,
owing to the optical characteristics of the eye
and the SLDF machine (optical resolution
parallel to the optical axis of the eye, size of
the optical aperture, etc). Thus only light
which comes from the imaged layer of
300 pm is detectable.
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Figure 6 Scheme of the principle of scanning laser Doppler flowmetry (FFT={fast Fourier transformation).

Technical sertings

To get optimal pictures some technical settings
were necessary. When the laser beam was
focused on the superficial retinal vessels, the
real time reflectivity picture showed sharply
focused details of retinal vessels and capillaries.
In case of opacities of the cornea, lens, or
vitreous the reflectivity as well as the perfusion
image showed no details. During the measure-
ment time of 2 seconds the patient had to fixate
with the fellow eye a small point in a distance of
2 metres. After calculating the Doppler broad-
ening of each pixel by the fast Fourier transfor-
mation the perfusion images of flow, volume,
and velocity were built. In any region of inter-
est all perfusion variables were available (aver-
age power spectrum, histogram of flow,
volume, and velocity, mean (standard devia-
tion) of flow, volume, and velocity, P(f=0)
[representing the reflectivity (=DC value)].
The size of the region of interest (ROI) is
variable (from 1 pixelX1 pixel to 50 pixelsX50
pixels). The optimal size was 10 pixelsX10
pixels (=100 pmX100 pm). The operator

identified the ROI in the perfusion picture by
‘mouse’. Using the algorithm the perfusion
variables were normalised regarding the reflec-
tivity by division through P(f=0) (see equa-
tions (5) and (6)). Despite this, the DC value
of the ROI should be in the range of 80 and
150 arbitrary units.

Reliable measurements of retinal perfusion
variables were only available in ROIs without
larger vessels. Riva et al showed that the
Doppler broadening of capillary tissue in the
optic nerve head and in the retina is maximally
300 Hz.? The technique presented can
measure Doppler broadening up to 2000 Hz.
As the blood velocity of larger vessels leads to
Doppler broadening greater than 2000 Hz, this
technique is not able to measure blood flow in
larger vessels. Only in regions of interest with
Dopper broadenings lower than 2000 Hz were
reliable measurements available. Therefore
measurements of blood flow by the method
presented in areas away from major vessels give
readings of blood flow similar to commonly
used laser Doppler techniques.
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